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Power made easy. 





Arc Flash Safety, Device Coordination, and Design Made Easy! 


EasyPower®, the most automated, user-friendly power system software on the 
market, delivers a full lineup of Windows?®-based tools for designing, analyzing, 
and monitoring electrical power systems. EasyPower helps you get up to speed 
rapidly, finish complex tasks quickly, and increase your overall productivity. 
Consultants, plant/facility engineers, maintenance personnel, and safety 
managers will all realize increased job throughput and profitability without 
extensive training! Watch our 3 minute EasyPower® video; just go to: 

www. easypower.com/video.html. 


Arc Flash Safety Compliance Made Easy! 
Studies, Work Permits, Boundary Calculations,.and More 
EasyPower ArcFlash™ lets you: 

e Rapidly create and implement a comprehensive arc flash program 

e Comply with OSHA, NFPA, NEC®, and ANSI regulations 

e Prevent expensive fines and litigation 

e Reduce risks and improve plant-safety 

e Identify all critical PPE levels and clothing needs 

e Prepare efficiently for emergencies 

e Save valuable time and money 





One-Touch PDC and Design Tools Now Available in EasyPower 8.0! 
What used to take hours or even weeks can now be accomplished in seconds. 
Finally, truly automated design and device coordination is here. With 
EasyPower’s one-touch automation, you don’t need to make manual 
calculations or memorize electrical codes. For the first time, even those without 
design experience can complete comprehensive design and analysis tasks. 


SmartDesign™ | Automated Design for Low-Voltage Systems 

EasyPower SmartDesign™ completely automates equipment sizing in the design 
process, saving countless hours of manually rerunning calculations to verify 
code compliance. It also generates comprehensive reports to alert you to 
possible problem areas, giving valuable insight. There’s no need to reinvent the 
wheel with SmartDesign™; just set up your design sheets ONCE, and 
SmartDesign™ does all the rest for you. 


SmartPDC™ | Protective Device Coordination Made Easy 

EasyPower SmartPDC™ fully automates the tedious, labor-intensive work of 
setting protective devices — just highlight an area to coordinate, and one click 
completes the task for you. Intelligent reporting automatically provides a list 
of devices and setting options, with a detailed description explaining each 
setting. It’s like having the industry’s brightest engineers right inside your PC. 


About ESA, Developers of EasyPower 

Since 1984, ESA has redefined the way companies manage, design, and analyze 
electrical power distribution. Our innovative technologies make power system 
design and management simpler, smarter, and safer than ever. We invite you to Download a Free Demo! 
visit www.EasyPower.com for a complete overview of all the powerful options 
available within EasyPower 8.0! 


Power made easy 


intelligent | intuitive | instantaneous Sign up today. 
power system software 





Tap into the power of EasyPower! Download a FREE demo or sign up for a free live, online presentation: 
www.EasyPower.com | 503-655-5059 x35 


OUR KNOWLEDGE IS POWER 


à On-Site High Voltage Management 
à Substation Inspections, Maintenance and Repairs 


A Lab analysis and diagnosis cil high voltage 
insulating fluids 


à Co-ordination, arc tlash, grounding, power 
quality, harmonic and load studies 


à Thermography 





& Commissioning of high voltage 

substations and associated switchgear 

à Station battery discharge testing 

and cell conductance analysis 
& Design and implement preventive/ 
predictive maintenance programs 

& Transformer and switchgear 
modifications, repairs and testing 
















à Doble Insulation Power Factor Testing 
à Sweep Frequency Response Analysis 


à 5SF6 filling, top-up, and condition 
analysis 


à Circuit Breaker contact timing 
& Troubleshooting 
à Cable testing 

à Ground Fault Protection 


A 247 Emergency Response 


For more information call 


1-800-263-6884 
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Contact us for an Information Package and 
see how we may deliver to your unique needs. 





WE SPECIALIZE IN: 

Custom DESIGN AND MANUFACTURING 

Dry- [ype TRANSFORMERS RATED UP TO 20 MVA 
Liquip-FILLED TRANSFORMERS RATED UP TO 30 MVA 
INTEGRATED OUTDOOR SUBSTATIONS 


SPECIALTY ITRANSFORMERS: SERVICE 
DISTRIBUTION RELI ABILITY 


K-FACTOR 
Tage rionggory FLEXIBILITY 
MOTOR STARTING AuTO TRANSFORMERS QUALITY 


Five Guiding Principles 







CusTOM SERVICES: 
P. C. B. RETROFIT 7131 Edwards Boulevard 
REPAIR AND REWIND SERVICE Mississauga, Ontario 
aaa. 15S meee 
Tel: (905) 795-0141 
Fax: (905) 795-9688 
Email: sales@atlastransformer.com 
Web: www.atlastransformer.com 





“A COMMITMENT TO QUALITY.” 





Protect Workers - Improve Safety - Increase Efficiency - Ensure Compliance 


Full Service High Voltage Testing Facilities 
(recertification, tool build and repair) 
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LIZCO SALES. 


ELECTRICAL POWER EQUIPMENT SPECIALISTS 
WE HAVE THE ENERGY 
With CANADA'S largest on-site 
inventory 


e New/New Surplus/Rebuilt: 
Oilfilled/Dry Transformers 
¢ New Oilfilled “TLO” Substations 
New S&C Fuses/Loadbreaks 
e. High and Low Voltage = 
e Vacuum/Gas Breakers 
e Air Circuit Breakers 
e Molded Case Breakers | 
"= Busduct-Busplugs 
e QMQB/Fusible Switches 
e HV Towers 
e Combination Starters 
e Emergency Service 
e Replacement Systems 
e Design Build Custom Systems 


1-877-842-9021 
www .lizcosales.com 
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THE ART & SCIENCE OF PROTECTIVE RELAYING - 
CURRENT TRANSFORMERS 


C. Russell Mason, General Electric 


Protective relays of the AC type are actuated by current 
and voltage supplied by current and voltage transformers. These 
transformers provide insulation against the high voltage of the 
power circuit, and also supply the relays with quantities propor- 
tional to those of the power circuit, but sufficiently reduced in 
magnitude so that the relays can be made relatively small and 
inexpensive. 

The proper application of current and voltage transform- 
ers involves the consideration of several requirements, as fol- 
lows: mechanical construction, type of insulation (dry or liq- 
uid), ratio in terms of primary and secondary currents or volt- 
ages, continuous thermal rating, short-time thermal and 
mechanical ratings, insulation class, impulse level, service con- 
ditions, accuracy, and connections. Application standards for 
most of these items are available. Most of them are self-evident 
and do not require further explanation. Our purpose here will be 
to concentrate on accuracy and connections because these 
directly affect the performance of protective relaying, and we 
shall assume that the other general requirements are fulfilled. 

The accuracy requirements of different types of relaying 
equipment differ. Also, one application of a certain relaying 
equipment may have more rigid requirements than another 
application involving the same type of relaying equipment. 
Therefore, no general rules can be given for all applications. 
Technically, an entirely safe rule would be to use the most accu- 
rate transformers available, but few would follow the rule 
because it would not always be economically justifiable. 

Therefore, it is necessary to be able to predict, with suf- 
ficient accuracy, how any particular relaying equipment will 
operate from any given type of current or voltage source. This 
requires that one know how to determine the inaccuracies of 
current and voltage transformers under different conditions, in 
order to determine what effect these inaccuracies will have on 
the performance of the relaying equipment. 

Methods of calculation will be described using the data 
that are published by the manufacturers; these data are general- 
ly sufficient. A problem that cannot be solved by calculation 
using these data should be solved by actual test or should be 
referred to the manufacturer. This section is not intended as a 
text for a CT designer, but as a generally helpful reference for 
usual relay-application purposes. 

The methods of connecting current and voltage trans- 
formers also are of interest in view of the different quantities 
that can be obtained from different combinations. Knowledge of 
the polarity of a current or voltage transformer and how to make 
use of this knowledge for making connections and predicting 
the results are required. 


TYPES OF CURRENT TRANSFORMERS 


All types of current transformeres are used for protective- 
relaying purposes. The bushing CT is almost invariably chosen 


for relaying in the higher-voltage circuits because it is less 
expensive than other types. It is not used in circuits below about 
5 kv or in metal-clad equipment. The bushing type consists only 
of an annular-shaped core with a secondary winding; this trans- 
former is built into equipment such as circuit breakers, power 
transformers, generators, or switchgear, the core being arranged 
to encircle an insulating bushing through which a power con- 
ductor passes. 

Because the internal diameter of a bushing-CT core has 
to be large to accommodate the bushing, the mean length of the 
magnetic path is greater than in other CTs. To compensate for 
this, and also for the fact that there is only one primary turn, the 
cross section of the core is made larger. Because there is less sat- 
uration in a core of greater cross section, a bushing CT tends to 
be more accurate than other CTs at high multiples of the pri- 
mary-current rating. At low currents, a bushing CT is generally 
less accurate because of its larger exciting current. 


CALCULATION OF CT ACCURACY 


Rarely, if ever, is it necessary to determine the phase- 
angle error of a CT used for relaying purposes. One reason for 
this is that the load on the secondary of a CT 1s generally of such 
highly lagging power factor that the secondary current is practi- 
cally in phase with the exciting current, and hence the effect of 
the exciting current on the phase-angle accuracy is negligible. 
Furthermore, most relaying applications can tolerate what for 
metering purposes would be an intolerable phase-angle error. If 
the ratio error can be tolerated, the phase-angle error can be neg- 
lected. Consequently, phase-angle errors will not be discussed 
further. The technique for calculating the phase-angle error will 
be evident, once one learns how to calculate the ratio error. 

Accuracy calculations need to be made only for three- 
phase- and single-phase-to-ground fault currents. If satisfactory 
results are thereby obtained, the accuracy will be satisfactory for 
phase-to-phase and two-phase-to-ground faults. 


CURRENT-TRANSFORMER BURDEN 


All CT accuracy considerations require knowledge of the 
CT burden. The external load applied to the secondary of a cur- 
rent transformer is called the “burden”. The burden is expressed 
preferably in terms of the impedance of the load and its resist- 
ance and reactance components. Formerly, the practice was to 
express the burden in terms of volt-amperes and power factor, 
the volt-amperes being what would be consumed in the burden 
impedance at rated secondary current (in other words, rated sec- 
ondary current squared times the burden impedance). Thus, a 
burden of 0.5-ohm impedance may be expressed also as “12.5 
volt-amperes at 5 amperes”, if we assume the usual 5-ampere 
secondary rating. The volt ampere terminology is no longer 
standard, but it needs defining because it will be found in the lit- 
erature and in old data. 
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The term “burden” is applied not only to the total exter- 
nal load connected to the terminals of a current transformer but 
also to elements of that load. Manufacturers’ publications give 
the burdens of individual relays, meters, etc., from which, 
together with the resistance of interconnecting leads, the total 
CT burden can be calculated. 

The CT burden impedance decreases as the secondary 
current increases, because of saturation in the magnetic circuits 
of relays and other devices. Hence, a given burden may apply 
only for a particular value of secondary current. The old termi- 
nology of “volt-amperes at 5 amperes” is most confusing in this 
respect since it 1s not necessarily the actual voltamperes with 5 
amperes flowing, but is what the volt-amperes would be at 5 
amperes if there were no saturation. Manufacturers’ publica- 
tions give impedance data for several values of overcurrent for 
some relays for which such data are sometimes required. 

Otherwise, data are provided only for one value of CT 
secondary current. If a publication does not clearly state for 
what value of current the burden applies, this information 
should be requested. Lacking such saturation data, one can 
obtain it easily by test. At high saturation, the impedance 
approaches the DC resistance. Neglecting the reduction in 
impedance with saturation makes it appear that a CT will have 
more inaccuracy than it actually will have. Of course, if such 
apparently greater inaccuracy can be tolerated, further refine- 
ments in calculation are unnecessary. However, in some appli- 
cations neglecting the effect of saturation will provide overly 
optimistic results; consequently, it is safer always to take this 
effect into account. 

It is usually sufficiently accurate to add series burden 
impedances arithmetically. The results will be slightly pes- 
simistic, indicating slightly greater than actual CT ratio inaccu- 
racy. But, if a given application is so borderline that vector addi- 
tion of impedances is necessary to prove that the CTs will be 
suitable, such an application should be avoided. 

If the impedance at pickup of a tapped overcurrent-relay 
coil is known for a given pickup tap, it can be estimated for 
pickup current for any other tap. The reactance of a tapped coil 
varies as the square of the coil turns, and the resistance varies 
approximately as the turns. At pickup, there is negligible satura- 
tion, and the resistance is small compared with the reactance. 
Therefore, it is usually sufficiently accurate to assume that the 
impedance varies as the square of the turns. The number of coil 
turns is inversely proportional to the pickup current, and there- 
fore the impedance varies inversely approximately as the square 
of the pickup current. 

Whether CTs are connected in wye or in delta, the burden 
impedances are always connected in wye. With wye-connected 
CTs the neutrals of the CTs and of the burdens are connected 
together, either directly or through a relay coil, except when a 
so-called “zerophase-sequence-current shunt” (to be described 
later) 1s used. 

It is seldom correct simply to add the impedances of 
series burdens to get the total, whenever two or more CTs are 
connected in such a way that their currents may add or subtract 
in some common portion of the secondary circuit. Instead, one 
must calculate the sum of the voltage drops and rises in the 
external circuit from one CT secondary terminal to the other for 
assumed values of secondary currents flowing in the various 
branches of the external circuit. The effective CT burden imped- 
ance for each combination of assumed currents is the calculated 
CT terminal voltage divided by the assumed CT secondary cur- 
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rent. This effective impedance is the one to use, and it may be 
larger or smaller than the actual impedance which would apply 
if no other CTs were supplying current to the circuit. If the pri- 
mary of an auxiliary CT is to be connected into the secondary of 
a CT whose accuracy is being studied, one must know the 
impedance of the auxiliary CT viewed from its primary with its 
secondary short-circuited. To this value of impedance must be 
added the impedance of the auxiliary CT burden as viewed from 
the primary side of the auxiliary CT; to obtain this impedance, 
multiply the actual burden impedance by the square of the ratio 
of primary to secondary turns of the auxiliary CT. It will 
become evident that, with an auxiliary CT that steps up the mag- 
nitude of its current from primary to secondary, very high bur- 
den impedances, when viewed from the primary, may result. 
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Multiple of rated secondary current 


Fig. 1. Ratio-correction-factor curve of a current transformer. 


RATIO-CORRECTION-FACTOR CURVES 


The term “ratio-correction factor” is defined as “that fac- 
tor by which the marked (or nameplate) ratio of a current trans- 
former must be multiplied to obtain the true ratio.” 

The ratio errors of current transformers used for relaying 
are such that, for a given magnitude of primary current, the sec- 
ondary current is less than the marked ratio would indicate; 
hence, the ratio-correction factor is greater than 1. A ratio-cor- 
rection-factor curve is a curve of the ratio-correction factor plot- 
ted against multiples of rated primary or secondary current for a 
given constant burden, as in Fig. 1. Such curves give the most 
accurate results because the only errors involved in their use are 
the slight differences in accuracy between CTs having the same 
nameplate ratings, owing to manufacturers’ tolerances. Usually, 
a family of such curves is provided for different typical values 
of burden. 

To use ratio-correction-factor curves, one must calculate 
the CT burden for each value of secondary current for which 
one wants to know the CT accuracy. Owing to variation in bur- 
den with secondary current because of saturation, no single RCF 
curve will apply for all currents because these curves are plot- 
ted for constant burdens; instead, one must use the applicable 
curve, or interpolate between curves, for each different value of 
secondary current. In this way, one can calculate the primary 
currents for various assumed values of secondary current; or, for 
a given primary current, he can determine, by trial and error, 
what the secondary current will be. 

The difference between the actual burden power factor 
and the power factor for which the RCF curves are drawn may 
be neglected because the difference in CT error will be negligi- 
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ble. Ratio-correction-factor curves are drawn for burden power 
factors approximately like those usually encountered in relay 
applications, and hence there is usually not much discrepancy. 
Any application should be avoided where successful relay oper- 
ation depends on such small margins in CT accuracy that differ- 
ences in burden power factor would be of any consequence. 

Extrapolations should not be made beyond the secondary 
current or burden values for which the RCF curves are drawn, 
or else unreliable results will be obtained. 

Ratio-correction-factor curves are considered standard 
application data and are furnished by the manufacturers for all 
types of current transformers. 


CALCULATION OF CT ACCURACY USING A SECONDARY- 
EXCITATION CURVE 


Figure 2 shows the equivalent circuit of a CT. The pri- 
mary current is assumed to be transformed perfectly, with no 
ratio or phase-angle error, to a current IP/N, which is often 
called “the primary current referred to the secondary”. Part of 
the current may be considered consumed in exciting the core, 
and this current (Ie) is called “the secondary excitation current.” 
The remainder (Is) is the true secondary current. It will be evi- 
dent that the secondary-excitation current is a function of the 
secondary-excitation voltage (Es) and the secondary-excitation 
impedance (Ze) The curve that relates Es and Ie is called “the 
secondary-excitation curve”, an example of which is shown in 
Fig. 3. It will also be evident that the secondary current is a 
function of Es and the total impedance in the secondary circuit. 
This total impedance is composed of the effective resistance and 
the leakage reactance of the secondary winding and the imped- 
ance of the burden. 

Figure 2 shows also the primary-winding impedance, but 
this impedance does not affect the ratio error. It affects only the 
magnitude of current that the power system can pass through the 
CT primary, and is of importance only in low-voltage circuits or 
when a CT is connected in the secondary of another CT. 





Fig. 2. Equivalent circuit of a current transformer. IP = primary current in rms amperes; N 
= ratio of secondary to primary turns; ZP = primary-winding impedance in ohms; le = sec- 
ondary-excitation current in rms amperes; Ze = secondary-excitation impedance in ohms; 
Es = secondary-excitation voltage in rms volts; ZS = secondary-winding impedance in 
ohms; Is = secondary current in rms amperes; Vt = secondary terminal voltage in rms 
volts; Zb = burden impedance in ohms. 
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If the secondary-excitation curve and the impedance of 
the secondary winding are known, the ratio accuracy can be 
determined for any burden. It is only necessary to assume a 
magnitude of secondary current and to calculate the total volt- 
age drop in the secondary winding and burden for this magni- 
tude of current. This total voltage drop is equal numerically to 
Es. For this value of Es, the secondary-excitation curve will 
give Ie. Adding Ie to Is gives IP/N, and multiplying IP/N by N 
gives the value of primary current that will produce the assumed 
value of Is. The ratio-correction factor will be IP/NIs. By 
assuming several values of Is, and obtaining the ratio-correction 
factor for each, one can plot a ratio correction-factor curve. It 
will be noted that adding Is arithmetically to Ie may give a ratio- 
correction factor that is slightly higher than the actual value, but 
the refinement of vector addition is considered to be unneces- 
sary. 
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Fig. 3 Secondary-excitation characteristic. Frequency, 60; internal resistance, 1.08 ohms; 
secondary turns, 240. 


The secondary resistance of a CT may be assumed to be 
the DC resistance 1f the effective value is not known. The sec- 
ondary leakage reactance is not generally known except to CT 
designers; it is a variable quantity depending on the construction 
of the CT and on the degree of saturation of the CT core. 
Therefore, the secondary-excitation-curve method of accuracy 
determination does not lend itself to general use except for 
bushing-type, or other, CTs with completely distributed second- 
ary windings, for which the secondary leakage reactance is so 
small that it may be assumed to be zero. In this respect, one 
should realize that, even though the total secondary winding is 
completely distributed, tapped portions of this winding may not 
be completely distributed; to ignore the secondary leakage reac- 
tance may introduce significant errors if an undistributed tapped 
portion is used. 

The secondary-excitation-curve method is intended only 
for current magnitudes or burdens for which the calculated ratio 
error 1s approximately 10% or less. When the ratio error appre- 
ciably exceeds this value, the waveform of the secondary-exci- 
tation current — and hence of the secondary current — begins 
to be distorted, owing to saturation of the CT core. This will 
produce unreliable results if the calculations are made assuming 
sinusoidal waves, the degree of unreliability increasing as the 
current magnitude increases. 

Even though one could calculate accurately the magni- 
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tude and wave shape of the secondary current, he would still 
have the problem of deciding how a particular relay would 
respond to such a current. Under such circumstances, the safest 
procedure is to resort to a test. 

Secondary-excitation data for bushing CTs are provided 
by manufacturers. Occasionally, however, it is desirable to be 
able to obtain such data by test. This can be done accurately 
enough for all practical purposes merely by open-circuiting the 
primary circuit, applying AC voltage of the proper frequency to 
the secondary, and measuring the current that flows into the sec- 
ondary. The voltage should preferably be measured by a rectifi- 
er-type voltmeter. The curve of rms terminal voltage versus rms 
secondary current 1s approximately the secondary-excitation 
curve for the test frequency. The actual excitation voltage for 
such a test is the terminal voltage minus the voltage drop in the 
secondary resistance and leakage reactance, but this voltage 
drop is negligible compared with the terminal voltage until the 
excitation current becomes large, when the GT core begins to 
saturate. If a bushing CT with a completely distributed second- 
ary winding is involved, the secondary-winding voltage drop 
will be due practically only to resistance, and corrections in 
excitation voltage for this drop can be made easily. In this way, 
sufficiently accurate data can be obtained up to a point some- 
what beyond the knee of the secondary-excitation curve, which 
is usually all that is required. This method has the advantage of 
providing the data with the CT mounted in its accustomed place. 

Secondary-excitation data for a given number of second- 
ary turns can be made to apply to a different number of turns on 
the same CT by expressing the secondary-excitation voltages in 
“volts” and the corresponding secondary-excitation currents in 
“ampere turns.” When secondary-excitation data are plotted in 
terms of volts-per-turn and ampere-turns, a single curve will 
apply to any number of turns. 

The secondary-winding impedance can be found by test, 
but it is usually impractical to do so except in the laboratory. 
Briefly, it involves energizing the primary and secondary wind- 
ings with equal and opposite ampere-turns, approximately equal 
to rated values, and measuring the voltage drop across the sec- 
ondary winding. This voltage divided by the secondary current 
is called the “unsaturated secondary-winding impedance”. If we 
know the secondary-winding resistance, the unsaturated sec- 
ondary leakage reactance can be calculated. If a bushing CT has 
secondary leakage flux because of an undistributed secondary 
winding, the CT should be tested in an enclosure of magnetic 
material that is the same as its pocket in the circuit breaker or 
transformer, or else most unreliable results will be obtained. 

The most practical way to obtain the secondary leakage 
reactance may sometimes be to make an overcurrent ratio test, 
power-system current being used to get good wave form, with 
the CT in place, and with its secondary short-circuited through 
a moderate burden. 

The only difficulty of this method is that some means is 
necessary to measure the primary current accurately. Then, from 
the data obtained, and by using the secondary-excitation curve 
obtained as previously described, the secondary leakage reac- 
tance can be calculated. 

Such a calculation should be accurately made, taking into 
account the vector relations of the exciting and secondary cur- 
rents and adding the secondary and burden resistance and reac- 
tance vectorially. 


ASA ACCURACY CLASSIFICATION 


The ASA accuracy classification for current transformers 
used for relaying purposes provides a measure of a CT’s accu- 
racy. This method of classification assumes that the CT is sup- 
plying 20 times its rated secondary current to its burden, and the 
CT is classified on the basis of the maximum rms value of volt- 
age that it can maintain at its secondary terminals without its 
ratio error exceeding a specified amount. 

Standard ASA accuracy classifications are as shown. The 
letter “H” stands for “high internal secondary impedance’, 
which is a characteristic of CTs having concentrated secondary 
windings. The letter “L” stands for “low internal secondary 
impedance”, which is a characteristic of bushing-type CTs hav- 
ing completely distributed secondary windings or of window 
type having two to four secondary coils with low secondary 
leakage reactance. 

The number before the letter is the maximum specified 
ratio error in percent (= 100|RCF — 1]), and the number after 
the letter is the maximum specified secondary terminal voltage 
at which the specified ratio error may exist, for a secondary cur- 
rent of 20 times rated. For a 5-ampere secondary, which is the 
usual rating, dividing the maximum specified voltage by 100 
amperes (20 x 5 amperes) gives the maximum specified burden 
impedance through which the CT will pass 100 amperes with no 
more than the specified ratio error. 





10H10 10L10 
10H20 10L20 
10H50 1OLS0 
1OH100 10L100 
10H200 = 10L200 
10H400 10L400 
1OH800 10L800 
2.5H10 2.5L10 
2.5H20 = 2.5L20 
2.5H50 2.5L50 
2.5H100 2.5L100 
2.5H200 2.5L200 
2.5H400 2.5L400 
2.5H800 2.5L800 


At secondary currents from 20 to 5 times rated, the H 
class of transformer will accommodate increasingly higher bur- 
den impedances than at 20 times rated without exceeding the 
specified maximum ratio error, so long as the product of the sec- 
ondary current times the burden impedance does not exceed the 
specified maximum voltage at 20 times rated. This characteris- 
tic is the deciding factor when there is a question whether a 
given CT should be classified as “H” or as “L”. At secondary 
currents from rated to 5 times rated, the maximum permissible 
burden impedance at 5 times rated (calculated as before) must 
not be exceeded if the maximum specified ratio error is not to 
be exceeded. 

At secondary currents from rated to 20 times rated, the L 
class of transformer may accommodate no more than the maxi- 
mum specified burden impedance at 20 times rated without 
exceeding the maximum specified ratio error. This assumes that 
the secondary leakage reactance is negligible. 

The reason for the foregoing differences in the permissi- 
ble burden impedances at currents below 20 times rated is that 
in the H class of transformer, having the higher secondary wind- 
ing impedance, the voltage drop in the secondary winding 


decreases with reduction in secondary current more rapidly than 
the secondary-excitation voltage decreases with the reduction in 
the allowable amount of exciting current for the specified ratio 
error. This fact will be better understood if one will calculate 
permissible burden impedances at reduced currents, using the 
secondary-excitation method. 

For the same voltage and error classifications, the H 
transformer is better than the L for currents up to 20 times rated. 

In some cases, the ASA accuracy classification will give 
very conservative results in that the actual accuracy of a CT may 
be nearly twice as good as the classification would indicate. 
This is particularly true in older CTs where no design changes 
were made to make them conform strictly to standard ASA clas- 
sifications. In such cases, a CT that can actually maintain a ter- 
minal voltage well above a certain standard classification value, 
but not quite as high as the next higher standard value, has to be 
classified at the lower value. Also, some CTs can maintain ter- 
minal voltages in excess of 800 volts, but because there is no 
higher standard voltage rating, they must be classified “800”. 

The principal utility of the ASA accuracy classification is 
for specification purposes, to provide an indication of CT qual- 
ity. The higher the number after the letter H or L, the better is 
the CT. However, a published ASA accuracy classification 
applies only if the full secondary winding is used; it does not 
apply to any portion of a secondary winding, as in tapped bush- 
ing-CT windings. It is perhaps obvious that with fewer second- 
ary turns, the output voltage will be less. A bushing CT that is 
superior when its full secondary winding is used may be inferi- 
or when a tapped portion of its winding is used if the partial 
winding has higher leakage reactance, because the turns are not 
well distributed around the full periphery of the core. In other 
words, the ASA accuracy classification for the full winding is 
not necessarily a measure of relative accuracy if the full second- 
ary winding is not used. 

If a bushing CT has completely distributed tap windings, 
the ASA accuracy classification for any tapped portion can be 
derived from the classification for the total winding by multi- 
plying the maximum specified voltage by the ratio of the turns. 
For example, assume that a given 1200/5 bushing CT with 240 
secondary turns is classified as 10L400; if a 120-turn complete- 
ly distributed tap is used, the applicable classification is 
10L200, etc. This assumes that the CT is not actually better than 
its classification. 

Strictly speaking, the ASA accuracy classification is for a 
burden having a specified power factor. However, for practical 
purposes, the burden power factor may be ignored. 

If the information obtainable from the ASA accuracy 
classification indicates that the CT is suitable for the application 
involved, no further calculations are necessary. However, if the 
CT appears to be unsuitable, a more accurate study should be 
made before the CT is rejected. 


SERIES CONNECTION OF LOW-RATIO BUSHING CTOS 


It will probably be evident from the foregoing that a low- 
ratio bushing CT, having 10 to 20 secondary turns, has rather 
poor accuracy at high currents. And yet, occasionally, such CTs 
cannot be avoided, as for example, where a high-voltage, low- 
current circuit or power transformer winding is involved where 
rated full-load current is only, say, 50 amperes. 

Then, two bushing CTs per phase are sometimes used 
with their secondaries connected in series. This halves the bur- 
den on each CT, as compared with the use of one CT alone, 
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without changing the over-all ratio. And, consequently, the sec- 
ondary-excitation voltage is halved, and the secondary-excita- 
tion current is considerably reduced with a resulting large 
improvement in accuracy. Such an arrangement may require 
voltage protectors to hold down the secondary voltage should a 
fault occur between the primaries of the two CTs. 


oe OR STEADY-STATE ERRORS OF SATURAT- 


To calculate first the transient or steady-state output of 
saturated CTs, and then to calculate at all accurately the 
response of protective relays to the distorted wave form of the 
CT output, is a most formidable problem. With perhaps one 
exception, there is little in the literature that is very helpful in 
this respect. 

Fortunately, one can get along quite well without being 
able to make such calculations. 

With the help of calculating devices, comprehensive 
studies have been made that provide general guiding principles 
for applying relays so that they will perform properly even 
though the CT output is affected by saturation. And relaying 
equipment has been devised that can be properly adjusted on the 
basis of very simple calculations. 

We are occasionally concerned lest a CT be too accurate 
when extremely high primary short-circuit currents flow! Even 
though the CT itself may be properly applied, the secondary 
current may be high enough to cause thermal or mechanical 
damage to some element in the secondary circuit before the 
short-circuit current can be interrupted. One should not assume 
that saturation of a CT core will limit the magnitude of the sec- 
ondary current to a safe value. At very high primary currents, 
the air-core coupling between primary and secondary of wound- 
type CTs will cause much more secondary current to flow than 
one might suspect. It is recommended that, if the short-time 
thermal or mechanical limit of some element of the secondary 
circuit would be exceeded should the CT maintain its nameplate 
ratio, the CT manufacturer should be consulted. Where there is 
such possibility, damage can be prevented by the addition of a 
small amount of series resistance to the existing CT burden. 


OVERVOLTAGE IN SATURATED CT SECONDARIES 


Although the rms magnitude of voltage induced in a CT 
secondary is limited by core saturation, very high voltage peaks 
can occur. Such high voltages are possible if the CT burden 
impedance is high, and if the primary current is many times the 
CTs continuous rating. The peak voltage occurs when the rate- 
of-change of core flux is highest, which is approximately when 
the flux is passing through zero. The maximum flux density that 
may be reached does not affect the magnitude of the peak volt- 
age. Therefore, the magnitude of the peak voltage is practically 
independent of the CT characteristics other than the nameplate 
ratio. 

One series of tests on bushing CTs produced peak volt- 
ages whose magnitudes could be expressed empirically as fol- 
lows: 

e = 3.5Z1 0.53 

where e = peak voltage in volts. 

Z = unsaturated magnitude of CT burden impedance in 
ohms. 

I = primary current divided by the CTs nameplate ratio. 
(Or, in other words, the rms magnitude of the secondary current 
if the ratio-correction factor were 1.) 


Electrical Transformer Testing Handbook - Vol. 6 


The value of Z should include the unsaturated magnetiz- 
ing impedance of any idle CTs that may be in parallel with the 
useful burden. If a tap on the secondary winding is being used, 
as with a bushing CT, the peak voltage across the full winding 
will be the calculated value for the tap multiplied by the ratio of 
the turns on the full winding to the turns on the tapped portion 
being used; in other words, the CT will step up the voltage as an 
autotransformer. Because it is the practice to ground one side of 
the secondary winding, the voltage that is induced in the sec- 
ondary will be impressed on the insulation to ground. 

The standard switchgear high potential test to ground is 
1500 volts rms, or 2121 volts peak; and the standard CT test 
voltage is 2475 volts rms or 3500 volts peak. The lower of these 
two should not be exceeded. 

Harmfully high secondary voltages may occur in the CT 
secondary circuit of generator differential-relaying equipment 
when the generator kva rating is low but when very high short- 
circuit kva can be supplied by the system to a short circuit at the 
generator’s terminals. Here, the magnitude of the primary cur- 
rent on the system side of the generator windings may be many 
times the CT rating. These CTs will try to supply very high sec- 
ondary currents to the operating coils of the generator differen- 
tial relay, the unsaturated impedance of which may be quite 
high. The resulting high peak voltages could break down the 
insulation of the CTs, the secondary wiring, or the differential 
relays, and thereby prevent the differential relays from operat- 
ing to trip the generator breakers. 

Such harmfully high peak voltages are not apt to occur 
for this reason with other than motor or generator differential- 
relaying equipments because the CT burdens of other equip- 
ment are not usually so high. But, wherever high voltage is pos- 
sible, it can be limited to safe values by overvoltage protectors. 

Another possible cause of overvoltage is the switching of 
a capacitor bank when it is very close to another energized 
capacitor bank. 

The primary current of a CT in the circuit of a capacitor 
bank being energized or deenergized will contain transient high- 
frequency currents. With high-frequency primary and secondary 
currents, a CT burden reactance, which at normal frequency is 
moderately low, becomes very high, thereby contributing to CT 
saturation and high peak voltages across the secondary. 
Overvoltage protectors may be required to limit such voltages to 
safe values. 

It is recommended that the CT manufacturer be consult- 
ed whenever there appears to be a need for overvoltage protec- 
tors. The protector characteristics must be coordinated with the 
requirements of a particular application to (1) limit the peak 
voltage to safe values, (2) not interfere with the proper function- 
ing of the protective-relaying equipment energized from the 
CT’s, and (3) withstand the total amount of energy that the pro- 
tector will have to absorb. 


PROXIMITY EFFECTS 


Large currents flowing in a conductor close to a current 
transformer may greatly affect its accuracy. A designer of com- 
pact equipment, such as metal-enclosed switchgear, should 
guard against this effect. If one has all the necessary data, it is a 
reasonably simple matter to calculate the necessary spacings to 
avoid excessive error. 


POLARITY AND CONNECTIONS 


The relative polarities of CT primary and secondary ter- 
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minals are identified either by painted polarity marks or by the 
symbols “H1” and “H2” for the primary terminals and “X1” and 
“X2” for the secondary terminals. The convention is that, when 
primary current enters the H1 terminal, secondary current leaves 
the X1 terminal, as shown by the arrows in Fig. 4. Or, when cur- 
rent enters the H2 terminal, it leaves the X2 terminal. 

When paint is used, the terminals corresponding to H1 
and X1 are identified. Standard practice is to show connection 
diagrams merely by squares, as in Fig. 5. 





Fig. 4. The polarity of current trans the corresponding terminals in formers. 


Since A/C current is continually reversing its direction, 
one might well ask what the significance is of polarity marking. 
Its significance is in showing the direction of current flow rela- 
tive to another current or to a voltage, as well as to aid in mak- 
ing the proper connections. If CTs were not interconnected, or if 
the current from one CT did not have to cooperate with a cur- 
rent from another CT, or with a voltage from a voltage source, 
to produce some desired result such as torque in a relay, there 
would be no need for polarity marks. 


Bushing 
= cT 





SES: = 





Fig. 5. Convention for showing polarity on diagrams. 


CTs are connected in wye or in delta, as the occasion 
requires. Figure 6 shows a wye connection with phase and 
ground relays. The currents Ia, Ib, and Ic are the vector currents, 
and the CT ratio is assumed to be 1/1 to simplify the mathemat- 
ics. Vectorially, the primary and secondary currents are in phase, 
neglecting phase-angle errors in the CTs. 





Fig. 6. Wye connection of current transformers. 


The symmetrical-component method of analysis is a 
powerful tool, not only for use in calculating the power-system 
currents and voltages for unbalanced faults but also for analyz- 
ing the response of protective relays. In terms of phase- 
sequence components of the power-system currents, the output 
of wye-connected CT’s is as follows: 


la = Ia + la + Lao 
Ip = Ipi + Ipo + Ipo = 71g) + ala2 + lao 
i = lj + Lo T l0 = alal + a° lao + lai 


la+ Ip + le = la0 + Iho + Leo = 3La0 = 3Lp0 = 3Lc0 


where 1, 2, and O designate the positive-, negative-, and 


zero-phase-sequence components, respectively, and where “a 
and “a2” are operators that rotate a quantity counterclockwise 
120° and 240°, respectively. 


DELTA CONNECTION 


With delta-connected CTs, two connections are possible, 
as shown in Fig. 7. In terms of the phase-sequence components, 
Ia, Ib, and Ic are the same as for the wye-connected CTs. 

The output currents of the delta connections of Fig. 7 are, 
therefore: 


Connection A. 


la = I), = (Tal 7 Ip) ) + (1,9 = lyo) 
(l—a*)Ig) + (1— a)lao 


(3 + jal 3/2) Ia + (Š - jy 8/2) la 


(1— a°) Ip + (1-a) lg 


lp — Le 


a° (1— a?) faj +a (i= a) la9 
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= (a° — a) Ia + (a—a*) Ilao 
= = 3 lal + J 3 la? 

(1— a?) Ly + (l-a) L9 

a(1—a*) I, + a? (l—a) la 

(a — l) lal + (a? = l) la2 

= (-Ž + fal 3/2) Ia + C 3 - fl 3/2) la 


Connection B. 


le— la 


la z le = —(1,- la) 
3 : c > 
= (5 -FV 3/2 Mai + (+ + FAY 3/2 ) La 
ly = la = —(Ua = ly) 
: . 3 . 
> -j\| 3/2 Mar + (- > +j 3/2 ) Taz 


lgm lh = —( db K le) 


7 iN 31a - jf 3 Lao 


Connection A I 
esi a 


= a 





=(— 


Connectidn B 











} hak 
Fig. 7. Delta connections of current transformers and vector diagrams for balanced three- 
phase currents. 


Ie = [a 
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It will be noted that the zero-phase-sequence components 
are not present in the output circuits; they merely circulate in the 
delta connection. It will also be noted that connection 

B is merely the reverse of connection A. 

For three-phase faults, only positive-phase-sequence 
components are present. The output currents of connection A 


become: 
3 E c 
Ea FI 3/2) Lay 


lp- 1, = =} V 3 lg 


(— + + Ay 3/2) a 


For a phase-b-to-phase-c fault, if we assume the same 
distribution of positive- and negative-phase-sequence currents 
(which is permissible if we assume that the negative-phase- 
sequence impedances equal the positive-phase-sequence imped- 
ances), [a2 = — Ial, and the output currents of connection A 


become: 
l; =] \/ 3 La] 
lp — I, = aai V 3 lal 
le— la =] V 3 la 


For a phase-a-to-ground fault, if we again assume the 
same distribution of positive- and negative-phase-sequence cur- 
rents, Ia2 = Ial, and the output currents of connection A 
become: 


la i lp 


le T la = 


la” 


L a lp = J 
Li le =0 
le— la = — 31a) 


The currents for a two-phase-to-ground fault between 
phases b and c can be obtained in a similar manner if one knows 
the relation between the impedances in the negative- and zero- 
phase-sequence networks. It is felt, however, that the foregoing 
examples are sufficient to illustrate the technique involved. The 
assumptions that were made as to the distribution of the currents 
are generally sufficiently accurate, but they are not a necessary 
part of the technique; in any actual case, one would know the 
true distribution and also any angular differences that might 
exist, and these could be entered in the fundamental equations. 

The output currents from wye-connected CTs can be han- 
dled in a similar manner. 


THE ZERO-PHASE-SEQUENCE-CURRENT SHUNT 


Figure 8 shows how three auxiliary CTs can be connect- 
ed to shunt zero-phase-sequence currents away from relays in 
the secondary of wye-connected CTs. Other forms of such a 
shunt exist, but the one shown has the advantage that the ratio 
of the auxiliary CTs is not important so long as all three are 
alike. Such a shunt is useful in a differential circuit where the 
main CTs must be wye-connected but where zero-phase- 
sequence currents must be kept from the phase relays. Another 
use 1s to prevent misoperation of single-phase directional relays 
during ground faults under certain conditions. These will be dis- 
cussed more fully later. 


| | l 
| | | 
| I | 






Phase relays 


Do not ground 
this neutral 






g Auxiliary CT's 
“Ground relay 


Fig. 8. A zero-phase-sequence-current shunt. Arrows show flow of zero-phase-sequence cur- 
rent. 


PROBLEMS 


1. What is the ASA accuracy classification for the full 
winding of the bushing CT whose secondary-excitation charac- 
teristic and secondary resistance are given on Fig. 3? 


1-ohm impedance 
per lead 





Fig. 9. Illustration for Problem 2. 


2. For the overcurrent relay connected as shown in Fig. 9, 
determine the value of pickup current that will provide relay 
operation at the lowest possible value of primary current in one 
phase. 

If the overcurrent relay has a pickup of 15 amperes, its 
coil impedance at 1.5 amperes is 2.4 ohms. Assume that the 
impedance at pickup current varies inversely as the square of 
pickup current, and that relays of any desired pickup are avail- 
able to you. 
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A GUIDE TO TRANSFORMER DC RESISTANCE 
MEASUREMENTS 


Bruce Hembroff, CEFT, Manitoba Hydro Additions and Editing by Matz Ohlen and Peter Werelius, 
Megger 


1 INTRODUCTION focusing on using winding resistance measurements for diag- 
nostic purposes. 


Winding resistance measure- 
ments in transformers are of funda- 
mental importance for the following 
purposes: 

e Calculations of the I?R 
component of conductor losses; 

e Calculation of winding tem- 
perature at the end of a temperature 
test cycle; 

e As a diagnostic tool for 
assessing possible damage in the 
field. 

Transformers are subject to 
vibration. Problems or faults occur 
due to poor design, assembly, hand- 
ing, poor environments, overloading 
or poor maintenance. Measuring the 
resistance of the windings assures 
that the connections are correct and 
the resistance measurements indi- 
cate that there are no severe mis- 
matches or opens. Many transform- 
ers have taps built into them. These 
taps allow ratio to be increased or 
decreased by fractions of a percent. 
Any of the ratio changes involve a 
mechanical movement of a contact 
from one position to another. These 
tap changes should also be checked 
during a winding resistance test. 

Regardless of the configura- 
tion, either star or delta, the meas- 
urements are normally made phase 
to phase and comparisons are made 
to determine if the readings are com- 
parable. If all readings are within 
one percent of each other, then they 
are acceptable. Keep in mind that 
the purpose of the test is to check for 
gross differences between the wind- 
ings and for opens in the connec- 
tions. The tests are not made to 
duplicate the readings of the manu- 
factured device which was tested in 
the factory under controlled condi- 
tions and perhaps at other tempera- 
tures. 

This application note is 





. . 265193 
Figure 1. Common 3-phase Transformer Connections iää 
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2 TRANSFORMER DC RESISTANCE MEASUREMENTS 
2.1 AT INSTALLATION 


Risk of damage is significant whenever a transformer is 
moved. This is inherent to the typical transformer design and 
modes of transportation employed. Damage can also occur dur- 
ing unloading and assembly. The damage will often involve a 
current carrying component such as the LTC, RA switch or a 
connector. Damage to such components may result in a change 
to the DC resistance measured through them. Hence, it is rec- 
ommended that the DC resistance be measured on all on-load 
and off-load taps prior to energizing. 

If the transformer is new, 
the resistance test also serves as a 
verification of the manufacturer’s 
work. 

Installation measurements 
should be filed for future refer- 
ence. 


2.2 AT ROUTINE (SCHEDULED) 
TRANSFORMER MAINTENANCE 


Routine maintenance is 
performed to verify operating 
integrity and to assure reliability. 
Tests are performed to detect | 
incipient problems. What kind of | 
problems will the resistance test 
detect? 


2.2.1 RATIO ADJUSTING SWITCH (RATIO 
ADJUSTING OFF-LOAD TAP CHANGER) 


Contact pressure is usually 
obtained through the use of 
springs. In time, metal fatigue 
will result in lower contact pres- 
sure. Oxygen and fault gases (if 
they exist) will attack the contact 
surfaces. 

Additionally, mechanical 
damage resulting in poor contact 
pressure is not uncommon. (E.g. 
A misaligned switch handle link- 
age may result in switch damage 
when operated). Such problems 
will affect the DC resistance 
measured through the RA switch 
and may be detected. 


2.2.2 LOAD TAP CHANGER 


The LTC contains the 
majority of the contacts and con- 
nections in the transformer. It is 
one of few non-static devices in 
the transformer and is required to 
transfer load current several thou- 
sand times a year. Hence, it 
demands special consideration 
during routine maintenance. 

In addition to detecting 
problems associated with high 
resistance contacts and connec- 
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tors, WINDAX-125 Winding Resistance Meter will also detect 
open circuits (drop-out test). LTCs transfer load current and are 
designed for make-before-break, they are NOT designed to 
interrupt load current. An open circuit would likely result in cat- 
astrophic failure. On installation and after maintenance it is cer- 
tainly prudent to verify operating integrity by checking for open 
circuits. LTC maintenance often involves considerable disas- 
sembly and the test will provide confidence in the reassembly. 

It is recommended DC resistance measurements be made 
on all on-load and off- load taps to detect problems and verify 
operating integrity of the RA switch and LTC. 


IEC 266/93 


Figure 2. Alternative 3-phase Transformer Connections 


14 
2.3 AT UNSCHEDULED MAINTENANCE/TROUBLESHOOTING 


Unscheduled maintenance generally occurs following a 
system event. The objectives of unscheduled maintenance are: 

e To detect damage to the transformer; 

e To determine if it is safe to re-energize; 

e To determine if corrective action is necessary; 

e To establish priority of corrective action. 

Many transformer faults or problems will cause a change 
in the DC resistance measured from the bushings (shorted turns, 
open turns, poor joints or contacts). Hence, the information 
derived from the resistance test is very useful in analyzing faults 
or problems complimenting information derived from other 
diagnostic tests such as FRA, DRA (power factor), DGA and 
other measurements. The winding resistance test is particularly 
useful in isolating the location of a fault or problem and assess- 
ing the severity of the damage. 


2.4 AT INTERNAL TRANSFORMER INSPECTIONS 

Internal inspections are expensive due primarily to the 
cost of oil processing. When such opportunities do present 
themselves the inspection should be planned and thorough. 
Prior to dumping the oil, all possible diagnostic tests including 
the resistance test should be performed. 


3 TEST EQUIPMENT 


Prior to modern digital electronic equipment, the Kelvin 
Bridge was used. Batteries, switches, galvanometers, ammeters 
and slidewire adjustments were used to obtain resistance meas- 
urements. 
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Current regulators were constructed and inserted 
between the battery and the bridge. Input voltage to the regula- 
tor of 12 volts DC from an automobile storage battery provided 
output currents variable in steps which matched the maximum 
current rating of the bridge on the ranges most used on trans- 
formers. The current regulator increased both speed and accura- 
cy of the bridge readings. The approximate 11 volt availability 
was used to speed up the initial current buildup and tapered off 
to about 5 volts just before the selected current was reached and 
regulation started. When the regulation began, the current was 
essentially constant in spite of the inductance of the windings 
and fluctuation of the battery voltage or lead resistance. 

The testing times have been greatly reduced using mod- 
ern microprocessor based test equipment. 

Direct readings are available from digital meters with 
automatic indications telling when a good measurement is avail- 
able. On some testers like the Pax WINDAX, two measurement 
channels are available allowing two resistance measurements at 
the same time. 


4 SAFETY CONSIDERATIONS 


While performing winding resistance tests, hazardous 
voltages could appear on the terminals of the transformer under 
test and/or the test equipment if appropriate safety precautions 
are not observed. 

There are two sources to consider: 

e AC induction from surrounding energized conductors; 
and 

e The DC test current. 


Dual Channel Measurement — YNyn0 


© www.paxdiagnostics.com 


Figure 3. Measuring two windings simultaneously 








Dax 


IAGNOSTICS 
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4.1 AC INDUCTION 


When a transformer is located in an AC switch yard in 
close proximity to energized conductors, it is quite probable an 
electrostatic charge would be induced onto a floating winding. 
This hazard can be eliminated by simply tying all windings to 
ground. However, to perform a winding resistance test only one 
terminal of any winding can be tied to ground. Grounding a sec- 
ond terminal will short that winding, making it impossible to 
measure the resistance of the winding. Two grounds on the 
winding under test would probably result in measuring the 
resistance of the ground loop. Two grounds on a winding which 
is not under test will create a closed loop inductor. Because all 
windings of a transformer are magnetically coupled, the DC test 
current will continually circulate within the closed loop induc- 
tor (the shorted winding). The instrument display would proba- 
bly not stabilize, and accurate measurements would not be pos- 
sible. 

It does not matter which terminal is grounded, as long 
there is only one terminal of each winding tied to ground. When 
test leads are moved to subsequent phases or windings on the 
transformer, it is not necessary to move the ground connections. 
Ensure the winding is grounded prior to connecting the current 
and potential test leads, and when disconnecting leads remove 
the ground last. 


4.2 DC TEST CURRENT 

Should the test circuit become open while DC current is 
flowing, hazardous voltages (possibly resulting in flash over) 
will occur. Care must be taken to ensure the test circuit does not 
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accidentally become open: 

e Ensure the test leads are securely attached to the wind- 
ing’s terminals; 

e Do not operate any instrument control which would 
open the measured circuit while DC current is flowing. 
Discharge the winding first; 

e Do not disconnect any test leads while DC current is 
flowing. Ensure the winding is discharged first; 

e When terminating the test, wait until the discharge indi- 
cator on WINDAX goes off before removing the current leads. 
When testing larger transformers, it may take 30 seconds or 
more to discharge the winding. If a longer time (30 seconds 
plus) is required to charge a winding when the current is initiat- 
ed, a corresponding longer time will be required to discharge the 
winding. 


4.3 SUMMARY OF SAFETY PRECAUTIONS 


e Ensure all transformer windings and the test instrument 
chassis are grounded prior to connecting the test leads. 

e Take appropriate precautions to ensure the test circuit is 
not opened while DC (test) current is flowing. 

Failure to take appropriate precautions can result in haz- 
ardous potentials which could be harmful to both personnel and 
test equipment. It should be noted that transformer windings are 
essentially large inductors. The higher the voltage and the larg- 
er the (MVA) capacity, the higher the induction and hence the 
potential hazard. 


Single channel — Delta configuration 


Current flow 
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Figure 4. Closed delta winding 


May take long time to magnetize! 
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5 SELECTING THE PROPER CURRENT RANGE 


Transformer manufacturers typically recommend that the 
current output selected should not exceed about 10% of the 
rated winding current. This could cause erroneous readings due 
to heating of the winding (e.g. A transformer rated 1500 kVA, 1 
ph: the rated current of the 33 kV winding is 45 amps; therefore 
the test current should not exceed 4.5 A. Do not select more than 
4 A current output on WINDAX.) 

Always choose the highest current output possible for the 
expected resistance value. Typical ranges are 0.1-10 % of rated 
winding current. 


6 MEASUREMENTS 


Wait until the display has stabilized prior to recording 
resistance values. Generally, readings on a star-configured 
transformer should stabilize in 10-30 seconds. However, the 
time required for readings to stabilize will vary, based on the 
rating of the transformer, the winding configuration, output 
voltage of the test instrument and the current output selected. 
On large transformers with high inductance windings, it could 
take a few minutes for readings to stabilize. 

For large transformers with delta configuration, magneti- 
zation and getting stable readings can take significantly longer 
time, sometimes as long as 30-60 minutes (see Figure 4). If the 
readings don’t stabilize within the maximum measurement time, 
check leads, connections and instrument. It may be necessary to 
reduce the test current and inject current on HV and LV wind- 
ings simultaneously (recommended!), see sections 7.3 and 11, 
table 1. 

e Record measurements as read. Do not correct for tem- 
perature. (When using the WINDAX PC SW, automatic re-cal- 
culation to normalized temperature can be done without chang- 
ing the original test record). Do not calculate individual wind- 
ing values for delta connected transformers. 

e Record DC test current selected. 

e Record unit of measure (ohms or milli-ohms). 

e Review test data. Investigate and explain all discrepan- 
cies. 

As a general rule, the first measurement made is repeat- 
ed at the end of the test. Consistent first and last readings give 
credibility to all measurements. Whenever an unexpected meas- 
urement is obtained, the test method and procedure is ques- 
tioned. If the measurement can be repeated, the doubt is 
removed. In situations where time is of concern, the repeat 
measurement can be omitted if all measurements are consistent. 

Always check the winding schematic on the nameplate, 
and trace the current path(s) through the windings. The name- 
plate vector representation may be misleading. Also, check the 
location of grounds on the windings and ensure the grounds do 
not shunt the DC test current. 

When a winding has both an RA switch (ratio adjusting 
off-load tap changer) and an LTC (load tapchanger) take meas- 
urements as follows: 

e With the LTC on neutral measure resistance on all off- 
load taps. 

e With the RA switch on nominal/rated tap measure 
resistance on all on-load taps. 


6.1 RA SWITCH MEASUREMENTS 

The recommended procedure for testing RA switches is 
as follows: 

e Prior to moving the RA switch measure the resistance 
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on the as found tap. Note: This measurement is particularly use- 
ful when investigating problems. 

e Exercise the switch by operating it a half dozen times 
through full range. This will remove surface oxidization. See 
“Interpretation of Measurements - Confusion Factors”. 

e Measure and record the resistance on all off-load taps. 

e Set the RA switch to the as left tap and take one final 
measurement to ensure good contact. Do not move the RA 
switch after this final measurement has been made. 


6.2 LTC MEASUREMENTS 


As found measurements are performed for diagnostic 
purposes in both routine and non-routine situations. As left 
measurements are performed to verify operating integrity fol- 
lowing work on the LTC. The resistance test on a transformer 
with an LTC is time consuming; hence the value of the as found 
test in each particular situation should be evaluated. Consider 
maintenance history and design. Certainly, if the proposed work 
involves an internal inspection (main tank) or a problem is sus- 
pected, the as found test should be performed. 

Prior to taking as left measurements, exercise the LTC. 
Operating the LTC through its full range of taps two to six times 
should remove the surface oxidation. 

When testing windings with LTCs, use the tap-changer 
setup on WINDAX to ensure that the measurement value for 
each tap is stored separately. The current generator is on 
throughout the test sequence while changing from tap to tap. 
With respect to the number of consecutive tests to perform, SW 
operation and data storage is recommended. However WIN- 
DAX can perform TC testing stand-alone. 

Measure the resistance for first tap. Operate TC. Measure 
resistance for second tap, resistance value and current ripple for 
the previous tap change is stored. Operate TCS. Measure resist- 
ance for third tap etc. 

Should the LTC open the circuit and cause current inter- 
ruption, WINDAX will automatically stop and go into its dis- 
charge cycle indicated by the discharge LED. This gives the 
operator a clear indication by a panel light of a possible fault 
within the tap changer. Such transformers should not be 
returned to service as catastrophic failure would be possible. 


7 CONNECTIONS 
7.1 GENERAL 


Prior to connecting the instrument leads to the trans- 
former all transformer windings must be grounded. See Safety 
Considerations. Make connections in the following order: 

1. Ensure winding terminals are not shorted together and 
tie to ground (the transformer tank) one terminal only of each 
transformer winding (i.e. both the winding to be tested as well 
as those not being tested). Note: It does not matter which termi- 
nal is grounded (a line terminal or neutral) as long as only one 
terminal on each winding is grounded. There is no need to move 
the ground as the test progresses to measuring subsequent phas- 
es or windings. 

2. Ensure the instrument’s power switch is in the OFF 
position and connect it to the mains supply. Note: The instru- 
ments chassis is grounded through the supply cable to the sta- 
tion service. (On occasion it has not been possible to stabilize 
the display when the instrument’s chassis ground was not con- 
nected to the same ground point as the winding (1.e., the trans- 
former tank). This problem is most likely to occur when the sta- 
tion service ground is not bonded to the transformer tank and is 
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easily remedied by connecting a jumper between the instrument 
chassis and the transformer tank. 

3. Connect the current and potential leads to the instru- 
ment. 

4. Connect the current and potential leads to the trans- 
former winding. The potential leads must be connected between 
the current leads. Do not clip the potential leads to the current 
leads. Observe polarity. 

5. Upon completion of the test, ensure the winding is dis- 
charged before disconnecting any test leads. Remove the ground 
from the transformer winding last. Caution: Do not open the test 
circuit in any way (i.e. disconnecting test leads, or operating the 
current selector switch) while DC current is flowing. Hazardous 
voltages (probably resulting in flash-over) will occur. 
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7.2 WYE WINDINGS 


Refer to Figures 1-3 and Table 1. Measuring two wind- 
ings simultaneously is possible if a suitable common test current 
can be selected. Take resistance measurements with the indicat- 
ed connections. 

Connecting the test equipment as per Figure 3 is the pre- 
ferred method because it allows the operator to measure two 
phases simultaneously. Compared to measuring each phase indi- 
vidually, there is a significant time saving particularly when 
measuring a winding with an LTC. Alternately, if the instrument 
will not energize both windings simultaneously, measure one 
winding at a time. 

If time is of concern, the last test set up, which is a repeat 
of the first, may be omitted if all measurements are consistent 
when comparing one phase to the next or to previous tests. 


Table 1. Transformer Connection Schemes for measuring two windings simultaneously 
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Table 1. Transformer Connection Schemes for measuring two windings simultaneously (continued) 
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7.3 DELTA WINDINGS 8 INTERPRETATION OF MEASUREMENTS 


Refer to Figures 1-2 and Table 1. If possible, always 
inject test current to HV and LV (and measure two windings) 
simultaneously. This will magnetize the core more efficiently 
and shorten the time to get stable readings. If single-injection 
single-channel measurement is chosen, please note that the time 
for stabilization on larger transformers may be long! 

Take resistance measurement with the indicated connec- 
tions. Again, if time is of concern, the last test set up, which is 
a repeat of the first, may be omitted if all measurements are con- 
sistent when comparing one phase to the next or to previous 
tests. 


Measurements are evaluated by: 

e Comparing to original factory measurements; 

e Comparing to previous field measurements; 

e Comparing one phase to another. 

The latter will usually suffice. The industry standard (fac- 
tory) permits a maximum difference of 1/2 percent from the 
average of the three phase windings. Field readings may vary 
slightly more than this due to the many variables. If all readings 
are within one percent of each other, then they are acceptable. 

Variation from one phase to another or inconsistent 
measurements can be indicative of many different problems: 

e Shorted turns; 
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e Open turns; 

e Defective ratio adjusting (RA) switch or LTC; 

e Poor connections (brazed or mechanical). 

The winding resistance test is very useful in identifying 
and isolating the location of suspected problems. 


8.1 CONFUSION FACTORS 


Apparent problems (i.e., inconsistent measurements or 
variations between phases) can also be the result of a number of 
factors which are not indicative of problems at all. Failure to 
recognize these factors when evaluating test data can result in 
confusion and possibly unwarranted concern. 


8.1.1 TEMPERATURE CHANGE 


The DC resistance of a conductor (hence winding) will 
vary as its temperature changes, for copper windings 0.39 % per 
degree C. This is generally not a significant consideration when 
comparing one phase to another of a power transformer. 
Loading of power transformers is generally balanced, hence 
temperatures should be very similar. However, when comparing 
to factory measurements or previous field measurements, small 
but consistent changes should be expected. In addition to load- 
ing, temperature variations (likewise resistance variations) can 
be due to: 

e Cooling or warming of the transformer during test. It is 
not uncommon for one to two hours to pass between taking a 
first and last measurement when testing a large power trans- 
former with an LTC. A transformer which has been on load can 
have a significant temperature change in the first few hours off- 
load. 

e When measuring the DC resistance of smaller trans- 
formers, care should be exercised to ensure that the test current 
does not cause heating in the winding. The test current should 
not exceed 10 percent of the windings rating. 

When using the WINDAX PC SW, automatic re-calcula- 
tion to normalized temperature can be done and the recalculat- 
ed value is reported together with the measured value. 


8.1.2 CONTACT OXIDIZATION 


The dissolved gases in transformer oil will attack the 
contact surfaces of the RA switch and LTC. 

The problem is more prevalent in older transformers and 
heavily loaded transformers. Higher resistance measurements 
will be noticed on taps which are not used. (Typically a load 
tapchanger installed on a subtransmission system will only 
operate on 25-50 per cent of its taps.) This apparent problem can 
be rectified by merely exercising the switch. The design of most 
LTC and RA switch contacts incorporate a wiping action which 
will remove the surface oxidization. Hence, operating the 
switch through its full range 2 to 6 times will remove the sur- 
face oxidization. 

A potential transformer installed in one phase could 
become part of the measured circuit and affect the measured DC 
resistance of that phase. 

A two winding CT installed in one phase would have a 
similar effect. Usually donut bushing type CTS are used in 
power transformers. However, on rare occasions an in-line two 
winding CT may be encountered. 


8.1.3 A MEASURING ERROR 
There are many possibilities: 
e A wrong connection or poor connection; 
e A defective instrument or one requiring calibration; 
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e An operating error; 
e A recording error. 


8.1.4 AMBIGUOUS OR POORLY DEFINED TEST DATA 


There is often more than one way to measure the resist- 
ance of a transformer winding (e.g., line terminal to line termi- 
nal or line to neutral). Typically, field measurements are taken 
from external bushing terminals. Shop or factory measurements 
are not limited to the bushing terminals. 

Additionally internal winding connections can be opened 
(e.g. opening the corner of a delta) making measurements pos- 
sible which are not practical in the field. Details of test set-ups 
and connections area often omitted in test reports which can 
lead to confusion when comparing test data. 


8.2 HOW BAD IS BAD? 


When a higher than expected measurement is encoun- 
tered what does it mean? Is failure imminent? 

Can the transformer be returned to service? Is corrective 
action needed? To answer these questions more information 
along with some analytical thinking is usually required. 

e Firstly, have the confusion factors been eliminated? 

e Secondly, what are the circumstances which initiated 
the resistance test? Was it routine maintenance or did a system 
event (e.g. lightning or through fault) result in a forced outage? 

e Is other information available? Maintenance history? 
Loading? DGA? Capacitance bridge? Excitation current? If not 
do the circumstances warrant performing additional tests? 

e Consider the transformer schematic. What components 
are in the circuit being measured? 

Has the location of the higher resistance been isolated? 
See “Isolating Problems”. 

e How much heat is being generated by the higher resist- 
ance? This can be calculated (I2R) using the rated full load cur- 
rent. Is this sufficient heat to generate fault gases and possibly 
result in catastrophic failure? This will depend on the rate at 
which heat is being generated and dissipated. Consider the mass 
of the connector or contact involved, the size of the conductor, 
and its location with respect to the flow of the cooling medium 
and the general efficiency of the transformer design. 


9 ISOLATING PROBLEMS 


The resistance test is particularly useful in isolating the 
location of suspected problems. In addition to isolating a prob- 
lem to a particular phase or winding, more subtle conclusions 
can be drawn. 

Consider the transformer schematic (nameplate). What 
components are in the test circuit? Is there an RA switch, LTC, 
diverter isolating switch, link board connectors, etc.? By mere- 
ly examining the test data, problems can often be isolated to 
specific components. Consider: 


9.1 RA SWITCH 


In which position does the higher resistance measure- 
ment occur? Are repeat measurements (after moving the RA 
switch) identical to the first measurement or do they change. 


9.2 LIC 


The current carrying components of the typical LTC are 
the step switches, reversing switch and diverter switches. 
Carefully examine the test data looking for the following obser- 
vations: 
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9.2.1 STEP SWITCH OBSERVATION 


A higher resistance measurement occurring on a particu- 
lar tap position both boost and buck (e.g., both +1 and-1, +2 and 
-2, etc.) 

The above observation would indicate a problem with a 
particular step switch. Each step switch is in the circuit twice. 
Once in the boost direction and once in the buck direction. 


9.2.2 REVERSING SWITCH OBSERVATION 


All boost or buck measurements on a phase are quanta- 
tively and consistently higher, than measurements in the oppo- 
site direction or other phases. 

The reversing switch has two positions, buck and boost, 
and operates only when the LTC travels through neutral to posi- 
tions +1 and -1. Hence a poor contact would affect all boost or 
buck measurements. If the LTC is operated between +1 and -1 
the resistance measured through a poor reversing switch contact 
would likely change. 


9.2.3 DIVERTER SWITCH OBSERVATION 


All odd step or all even step measurements in both the 
buck and boost direction are high. 

There are two diverter switches. One is in the current cir- 
cuit for all odd steps and the other for all even steps. 

The foregoing discussion is only typical. LTC designs 
vary. To draw conclusion based on resistance measurements, the 
specific LTC schematic must be examined to identify the com- 
ponents which are being measured on each step. This informa- 
tion is usually available on the transformer nameplate. 


9.3 CONTACTS VS CONNECTORS OR JOINTS 


Is the higher resistance measurement consistent and sta- 
ble when the RA switch or LTC is operated? Generally incon- 
sistent measurements are indicative of contact problems while a 
consistent and stable high measurement would point to a joint or 
connector. 


10 LIMITATIONS 


The transformer resistance test has several limitations 
which should be recognized when performing the test and inter- 
preting test data: 

The information obtained from winding resistance meas- 
urements on delta connected windings is somewhat limited. 
Measuring from the corners of a closed delta the circuit is two 
windings in series, in parallel with the third winding (see Figure 
4). 

The individual winding resistances can be calculated; 
however this is a long tedious computation and is generally of 
little value. Comparison of one ‘phase’ to another will usually 
suffice for most purposes. Additionally, since there are two par- 
allel paths an open circuit (drop out) test does not mean too 
much. However, the test is still recommended. Problems involv- 
ing LTCs and RA switches will yield measurements which are 
not uniform, and often unstable and inconsistent. 

Hence the resistance test will detect most problems. 

The resistance of the transformer’s winding can limit the 
effectiveness of the test in detecting problems. The lower the 
resistance of a winding, the more sensitive the test is with 
respect to detecting problems. Windings with high DC resist- 
ance will mask problems. 

The detection of shorted turns is not possible in all situa- 
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tions. Often shorted turns at rated AC voltage cannot be detect- 
ed with the DC test. If the fault is a carbon path through the turn 
to turn insulation it is a dead short at operating potentials. 
However, at test potential, 30 V DC, the carbon path may be a 
high resistance parallel path and have no influence on the meas- 
ured resistance. 

Certainly if the conductors are welded together the fault 
should be detectable. 

It is not possible on some transformer designs to check 
the LTC using the resistance test (e.g., series winding). The cir- 
cuit between external terminals simply excludes the LTC. On 
such units the resistance test is of no value in verifying the oper- 
ating integrity of the LTC. If the LTC selector switch is in the 
main tank (1.e., same tank as windings) and cannot be physical- 
ly inspected it is recommended that samples for DGA be taken 
as part of routine LTC maintenance. 
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TRANSFORMER RATINGS 


Teal Electronics 


Transformer size or capacity is most often expressed in 
kVA. "We require 30 kVA of power for this system" is one 
example, or "The facility has a 480 VAC feed rated for 112.5 
kVA". 

However, reliance upon only kVA rating can result in 
safety and performance problems when sizing transformers to 
feed modern electronic equipment. Use of off-the-shelf, general 
purpose transformers for electronics loads can lead to power 
quality and siting problems: 

e Single-phase electronic loads can cause excessive trans- 
former heating. 

e Electronic loads draw non-linear currents, resulting in low 
voltage and output voltage distortion. 

e Over sizing for impedance and thermal performance can 
result in a transformer with a significantly larger footprint. 


It is vital for the system’s designer to understand all of 
the factors that affect transformer effectiveness and perform- 
ance. 


THERMAL PERFORMANCE 


Historically, transformers have been developed to supply 
60 Hz, linear loads such as lights, motors, and heaters. 
Electronic loads were a small part of the total connected load. A 
system designer could be assured that if transformer voltage and 
current ratings were not exceeded, the transformer would not 
overheat, and would perform as expected. 

A standard transformer is designed and specified with 
three main parameters: kVA Rating, Impedance, and 
Temperature Rise. 


KVA RATING 


The transformer voltage and current specification. KVA 
is simply the load voltage times the load current. A single phase 
transformer rated for 120 VAC and 20 Amperes would be rated 
for 120 x 20 = 2400 VA, or 2.4 KVA (thousand VA). 


IMPEDANCE 


Transformer Impedance and Voltage Regulation are 
closely related: a measure of the transformer voltage drop when 
supplying full load current. A transformer with a nominal output 
voltage of 120 VAC and a Voltage Regulation of 5% has an out- 
put voltage of 120 VAC at no-load and (120 VAC - 5%) at full 
load - the transformer output voltage will be 114 VAC at full 
load. 

Impedance is related to the transformer thermal perform- 
ance because any voltage drop in the transformer is converted to 
heat in the windings. 


TEMPERATURE RISE 


Steel selection, winding capacity, impedance, leakage 
current, overall steel and winding design contribute to total 
transformer heat loss. The transformer heat loss causes the 
transformer temperature to rise. Manufacturers design the trans- 
former cooling, and select materials, to accommodate this tem- 
perature rise. 
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"K" FACTOR TRANSFORMER RATING 


In the 1980s, power quality engineers began encounter- 
ing anew phenomenon: non-linear loads, such as computers and 
peripherals, began to exceed linear loads on some distribution 
panels. This resulted in large harmonic currents being drawn, 
causing excessive transformer heating due to eddy-current loss- 
es, skin effect, and core flux density increases. 

Standard transformers, not designed for non-linear har- 
monic currents, were overheating and failing even though RMS 
currents were well within transformer ratings. 

In response to this problem, IEEE C57.110-1986 devel- 
oped a method of quantifying harmonic currents. A "k" factor 
was the result, calculated from the individual harmonic compo- 
nents and the effective heating such a harmonic would cause in 
a transformer. Transformer manufacturers began designing 
transformers that could supply harmonic currents, rated with a 
"k" factor. Typical "K" factor applications include: 


K-4: Electric discharge lighting, UPS with input filter- 
ing, Programmable logic controllers and solid state controls 

K-13: Telecommunications equipment, UPS systems, 
multi-wire receptacle circuits in schools, health-care, and pro- 
duction areas 

K-20: Main-frame computer loads, solid state motor 
drives, critical care areas of hospitals 

"K" factor is a good way to assure that transformers will 
not overheat and fail. However, "K" factor is primarily con- 
cerned with thermal issues. Selection of a "K" factor trans- 
former may result in power quality improvement, but this 
depends upon manufacturer and design. 


TRANSFORMER IMPEDANCE 


Transformer impedance is the best measure of the trans- 
former's ability to supply an electronic load with optimum 
power quality. Many power problems do not come from the util- 
ity but are internally generated from the current requirements of 
other loads. 

While a "K" factor transformer can feed these loads and 
not overheat, a low impedance transformer will provide the best 
quality power. As an example, consider a 5% impedance trans- 
former. When an electronic load with a 200% inrush current is 
turned on, voltage sag of 10% will result. A low impedance 
transformer (1%) would provide only 2% voltage sag - a sub- 
stantial improvement. 

Transformer impedance may be specified as a percent- 
age, or alternately, in Ohms (W) from Phase-Phase or Phase- 
Neutral. 


HIGH FREQUENCY TRANSFORMER IMPEDANCE 


Most transformer impedance discussions involve the 60 
Hz transformer impedance. This is the power frequency, and is 
the main concern for voltage drops, fault calculations, and 
power delivery. However, non-linear loads draw current at high- 
er harmonics. Voltage drops occur at both 60 Hz and higher fre- 
quencies. 

It is common to model transformer impedance as a resis- 
tor, often expressed in ohms. In fact, a transformer behaves 
more like a series resistor and inductor. The voltage drop of the 
resistive portion is independent of frequency; the voltage drop 
of the inductor is frequency dependent. 

Standard Transformer impedances rise rapidly with fre- 
quency. However, devices designed specifically for use with 


Electrical Transformer Testing Handbook - Vol. 6 


non-linear loads use special winding and steel lamination 
designs to minimize impedance at both 60 Hz and higher fre- 
quencies. As a result, the output voltage of such designs is far 
better quality than for standard transformers 


RECOMMENDATIONS FOR TRANSFORMER SIZING 


System design engineers who must specify and apply 
transformers have several options when selecting transformers. 


DO IT YOURSELF APPROACH 


With this approach, a larger than required standard trans- 
former is specified in order to supply harmonic currents and 
minimize voltage drop. Transformer over-sizing was considered 
prudent design in the days before transformer manufacturers 
understood harmonic loads, and remains an attractive option 
from a pure cost standpoint. However, such a practice today has 
several problems: 


e A larger footprint and volume than low impedance devices 
specifically designed for non-linear loads 

e Poor high frequency impedance 

e Future loads may lead to thermal and power quality prob- 
lems 


Step Loads ‘voltage 
and Inrush 2ags 
Standard 
High Harmonic hens fe ak | voltage 
Loads with 3% to 6% Distortion 
Impedance 
On ¢ Off x Transients 
Switching and Impulses 





"K"-FACTOR RATED TRANSFORMERS 


Selecting and using "K"-factor rated transformers is a 
prudent way to ensure that transformer overheating will not 
occur. Unfortunately, lack of standardization makes the "K" fac- 
tor rating a measure only of thermal performance, not imped- 
ance or power quality. 


Standard 
Transformer 








= Percent 
12% 
Impedance 
10% 
3% = 
Trans tomer 
5% Designed for 
hon Linear Loads 
4% 
60 Hz 100 Hz 1 kHz 10 KHz 


Some manufacturers achieve a good "K" factor using 
design techniques that lower impedance and enhance power 
quality, others simply de-rate components and temperature rat- 
ings. Only experience with a particular transformer manufactur- 
er can determine if a "K" factor transformer addresses both ther- 
mal and power quality concerns. 
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TRANSFORMERS DESIGNED FOR NON-LINEAR LOADS 


Transformers designed specifically for non-linear loads 
incorporate substantial design improvements that address both 
thermal and power quality concerns. Such devices are low 
impedance, compact, and have better high frequency perform- 
ance than standard or "K" factor designs. As a result, this type 
of transformer is the optimum design solution. 

This type of transformer may be more expensive than 
standard transformers, due to higher amounts of iron and cop- 
per, higher quality materials, and more expensive winding and 
stacking techniques. However, the benefits of such a design in 
power quality and smaller size justify the extra cost and make 
the low impedance transformer the most cost effective design 
overall. 
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NEW MEASUREMENT METHODS TO 
CHARACTERIZE TRANSFORMER CORE LOSS AND 
COPPER LOSS IN HIGH FREQUENCY SWITCHING 

MODE POWER SUPPLIES 


Yongtao Han, Wilson Eberle and Yan-Fei Liu Queen’s Power Group, Queen’s University, Kingston, 
Department of Electrical and Computer Engineering 


I. INTRODUCTION 


Measurement methods are widely used for transformer 
core loss and copper loss characterization due to the potential 
for higher accuracy in comparison to simple conventional ana- 
lytical methods. Unfortunately, no measurement methods are 
available that can measure the transformer core loss and copper 
loss under the actual operation conditions in switching mode 
power supplies (SMPS). 

The existing measurement methods determine trans- 
former core loss under sinusoidal excitation using an impedance 
or network analyzer [1],[2]. However, the pulse width modula- 
tion (PWM) waveforms in SMPS are not sinusoidal, but are rec- 
tangular. In addition, converters such as the flyback and asym- 
metrical half-bridge (AHB) contain a DC bias in the magnetiz- 
ing current, but these methods cannot account for the DC bias. 
Furthermore, due to the highly non-linear nature of the B-H 
property of ferrite materials, Fourier analysis can yield com- 
pletely erroneous results. Therefore, the impedance or network 
analyzer method cannot be applied to accurately determine the 
core loss in high frequency switching converters. 

In [3] and [4], two measurement setups were designed to 
experimentally determine transformer core loss. In [3], sine 
waveforms were used to obtain the core loss curves for the fer- 
rite materials. In addition, no core loss results for switching con- 
verters are provided. In [4], a method is proposed to measure 
transformer core loss for a SMPS using a waveform generator 
and a power amplifier. 

Unfortunately, using these techniques, the core loss can- 
not be determined if the transformer under test operates with a 
DC bias in the magnetizing current. It is also noted that an error 
analysis of the proposed methods was not conducted and the 
corresponding measurement accuracy was not provided. 
Therefore, if these techniques are used, the user cannot interpret 
the accuracy of their results. To overcome the limitations of the 
existing methods, an improved method to determine trans- 
former core loss in high frequency SMPS is proposed, which is 
suitable for core loss measurement under PWM excitation, with 
or without a DC bias. 

In [5], a method is proposed to calculate transformer cop- 
per loss by measuring winding AC resistance for each harmon- 
ic in the PWM current. The method uses sinusoidal waveforms 


in the measurement and not the rectangular PWM waveforms 
under the transformer operating conditions. The drawback to 
this technique is that it does not replicate the field pattern with- 
in the transformer. In addition, the measurements are time-con- 
suming. Another disadvantage of this method is that the results 
only provide information about winding self-resistance. When 
both the primary and secondary windings have current flowing 
through them at the same time, the field interaction due to prox- 
imity effect induces a mutual resistance between them, which 
can significantly reduce the total transformer copper loss. 
Therefore, an “in-component” measurement scheme for trans- 
former AC winding resistance is proposed. The method uses the 
PWM current waveforms, so, the mutual resistance between 
windings is inherently included, which yields increased accura- 
cy. 

In section II, the core loss measurement method is pro- 
posed. In section III, the proposed copper loss measurement 
method is presented. The experimental verification is provided 
in section IV. In section V, a detailed error analysis is presented 
for each method. The conclusions are presented in section VI. 


Il. PROPOSED CORE LOSS MEASUREMENT METHOD 


The proposed transformer core loss measurement test 
setup is shown in Figure 1. With the secondary side opencircuit, 
the averaged core loss PCore over one switching period T can 
be determined from the primary voltage vpri(t) and the magnet- 
izing current iM(t) using (1). 


(1) 


Due to the leakage inductance and resistance associated 
with the primary winding, the winding voltage cannot be meas- 
ured directly. However, the secondary side voltage vsec(t) can 
be measured and reflected back to the primary side using the 
turns ratio. Since the secondary winding is open circuit, the only 
primary terminal current is the magnetizing current, which is 
sensed using a resistor RSense. 

By measuring the secondary voltage and the voltage 
across a sensing resistor, we can obtain the averaged core loss 
over one switching period T using (2). 


Ei | 
Fire = T k V i(t) ‘ iy,(t) dt 
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the AC voltage from the primary winding. 





C The second auxiliary winding is connected 
sine into the same transformer as the one under 

Primary Unde Tes Secondary test. 
R senso Np Ns In order to ensure the measurement 






| 
| 
Optional 
DC Bias | 
Current | 


Power 
Amplifier 


PWM 
Waveform 
Generator 


Digital Oscilloscope 


Figure 1 Proposed core loss measurement test setup 


Using a digital oscilloscope with channel math capabili- 
ties, (2) can be evaluated directly using the oscilloscope. In (2), 
NP and Ns are the primary and secondary winding turns; vli 
and v21 are the ith sample of the measured voltage values of the 
secondary side and current sensing resistor; N is the number of 
the samples in one switching period. 


Np 1 N 
Poore a ah 
i=l 


A 


V9j 


FT (2) 


SEMSE 


The practical implementation issues of the measurement 
setup are explained as follows: 


1) POWER SOURCE 


A PWM waveform generator (function generator) and an 
RF power amplifier (3MHz bandwidth) are used to provide the 
PWM voltage source to the transformer. 


2) CURRENT SENSING DEVICE 


A low-inductive metal film resistor is used to measure the 
magnetizing current. In order to minimize the distortion on the 
waveform and at the same time to reduce the phaseshift error, 
ten 1002+1% metal film resistors were connected in parallel. 
The impedance characteristic of the resistor combination 1s flat 
up to SMHz. 


3) DC BIAS CURRENT 


An optional auxiliary winding can be introduced to pro- 
vide the equivalent DC magnetomotive force to the core for 
transformers that operate with a DC bias component in the mag- 
netizing current. A 2mH inductor was connected in the auxiliary 
circuit to reduce the high frequency AC ripple. 

In addition, two auxiliary windings with the same num- 
ber of turns were connected with opposite polarities to eliminate 









Under Test 
(D,U.T) 


of the transformer core loss is accurate and 

J to eliminate error from a variety of sources, 
three key steps are proposed in the follow- 
ing subsections. 


A. CALIBRATION OF THE WINDING TURNS RATIO 


The proposed core loss measurement 
method has two ports. 

Due to the non-ideal magnetic cou- 
pling, parasitic air flux and the winding ter- 
minations, the primary and secondary 
winding terminal voltage ratio can vary 
slightly from the designed turns ratio. In 
order to minimize this error, the winding 
turns ratio should be calibrated. For the 
turns ratio calibration, a sinusoidal wave 
can be used to simplify the process. The 
turns ratio result can be applied to the rec- 
tangular PWM waveforms under test. The 
terminal voltages (peak or peak-to-peak 
value) of the primary and secondary wind- 
ings are measured and the actual turns ratio 
is calculated using (3), which is then used in (2). The calibration 
should be conducted over a range of frequencies. 


N =V p; IVe, 






Secondary 
Ns 









Turns — Ratio Pri ( 3 ) 


B. CURRENT SENSING RESISTANCE CALIBRATION 


Some error will be introduced into the core loss measure- 
ment due to the tolerance and the associated inductance of the 
current sense resistor. A good approach is to calibrate the resis- 
tor’s frequency response using the impedance analyzer to 
ensure its frequency response remains flat for several harmon- 
ics of the switching frequency. 


C. AVERAGING DATA 


Averaging should be adopted for the data processing. 
The core loss for each operating condition should be test- 
ed ten times and then the values should be averaged. 


Ill. PROPOSED COPPER LOSS MEASUREMENT METHOD 


The objective of transformer copper loss measurement is 
to obtain an equivalent AC resistance for each winding under 
the actual operating conditions. To proceed, it is important to 
clarify the following two concepts: 

1) We need to define the current wave shape used in the 
measurement under the SMPS operating conditions. By analyz- 
ing the SMPS circuits, the currents flowing through the wind- 
ings can usually be well approximated as a rectangular wave 
shape (unipolar or bipolar) of the corresponding duty ratio by 
neglecting the small ripple [6]. 

Therefore, a rectangular PWM current can be used in 
measuring the transformer copper loss. In this article, a bipolar 
rectangular PWM waveform is used. 

2) A transformer is a multi-winding structure, so, the field 
interaction between the primary and secondary windings 
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induces a mutual resistance. Fortunately, we don’t need to 
obtain the mutual resistance information. What we need is an 
equivalent AC resistance of each winding under the operating 
condition, which includes the mutual resistance information. 

The proposed transformer winding AC resistance meas- 
urement scheme is shown in Figure 2. By applying the rectan- 
gular PWM voltage in the primary side from the waveform gen- 
erator and power amplifier, the corresponding magnetic field is 
established within the transformer and a PWM voltage is 
induced in the secondary side. If a resistive load is connected on 
the secondary side, a rectangular current will flow through the 
load resistor and the secondary winding equivalent AC resist- 
ance. The secondary side current 1Sec can be obtained by meas- 
uring the voltage across the load resistor. An auxiliary winding 
is added to measure the secondary winding terminal voltage. 
This winding can be easily added externally around the core 
since it does not carry any current. The two voltages are then 
measured using a digital oscilloscope. Then the averaged power 
of the secondary winding PSec and the power of the load resis- 
tor PLoad can be calculated over one switching period. 

Therefore, the secondary winding equivalent AC resist- 
ance can then be calculated using (4), where NSec and NAux 
are the secondary and auxiliary winding turns; vli and v2i are 
the ith sample of the voltage values; and N is the number of the 
samples in one switching period. 


Digital Oscilloscope 








Channel-1 Channel-2 


PWM 
Waveform | 


Generator 








N 
N See LS >. v Yaj 

li 

R = Po F Pi sad = N Ar N i=] R Logd - 
šeg- AC T 3 = 3 Lagd (4) 

ie E i | N . 

SECAS ¥ zj 

N iwl R Load 


By defining the corresponding functions in the digital 
oscilloscope, the power of the measured winding and the RMS 
current value over one switching period can be obtained easily 
and used in the winding resistance calculation. In order to meas- 
ure the primary winding AC resistance, the secondary winding 
should be excited. 

In order to ensure the measurement of the transformer 
copper loss is accurate and to eliminate error from a variety of 
sources, three key steps are proposed in the following subsec- 
tions. 


A. CALIBRATION OF THE WINDING TURNS RATIO 

In the proposed transformer winding AC resistance 
measurement method, a third winding is used to obtain the ter- 
minal voltage of the measured winding. The actual winding 
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turns ratio between the measured winding and the third winding 
should be calibrated in order to achieve accurate results. This 
can be achieved using the procedure outlined in section II. 


A. LOAD RESISTANCE CALIBRATION 


Since a resistor is used as the load in measuring the wind- 
ing AC resistance, the resistor’s tolerance and frequency 
response can have a significant impact on measurement results. 
In order to minimize any error introduced by the resistor, the 
resistor’s frequency response should be measured using an 
impedance analyzer to obtain an accurate resistance value and 
phase response. 


B. AVERAGING DATA 


As in the core loss calculation, the copper loss data in the 
winding AC resistance measurement should be averaged in 
order to minimize any random error in the measurements. 


IV. MEASUREMENT RESULTS AND VERIFICATION 


A high frequency planar transformer was tested to verify 
the proposed core loss and copper loss methods. In order to ver- 
ify the loss measurement results, a time-domain Finite Element 
Analysis solver from ANSOFT was used. 

A multi-winding planar transformer was used in an AHB 
DC/DC converter with unbalanced sec- 
ondary windings [7]. 

The converter diagram is shown 
in Figure 3. The specifications of the 
converter and the transformer parame- 
ters are: 

Input: 35-75V, nominal at 48V, 
output: 5V/25W 

Switching frequency: 400kHz 

Main winding turns: Np: Nsl1: 
Ns2 = 6:1:3 

Core: E18/4/10 planar cores (EE 
combination) 

Winding: loz (35micrometres) 
copper on a 10-layer PCB 





Figure 3 AHB converter diagram 


Due to the complementary duty cycle operation and 
unbalanced secondary windings, the converter operates with a 
DC bias IM-DC) in the magnetizing current. It can be calculat- 
ed using (5). 


N 


P 


s2 


N 
Í y-pc =(1- OJ, N 


P 





-DI (5) 


In the transformer design, an air gap of 67 micrometres 
was added to the core central leg to avoid saturation. The pro- 
posed optional circuit to create the DC bias current for the test 
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setup was used in the core loss measurement. 


A. CORE LOSS MEASUREMENT RESULTS 


The following three operating conditions of the AHB 
transformer were tested using the proposed method. 

1) Vin=35-75V range @ no load 

2) Vin=35-75V range @ 5A load 

3) Vin=48V @ 0-5A load range 

The measurement results and FEA simulation results are 
provided in Figure 4. In order to illustrate the effect of the DC 
bias current on the ferrite core loss, Figure 4(a) shows the core 
loss measurement and simulation results under operating condi- 
tions 1) and 2). Figure 4(b) provides the results for operating 
condition 3). The core losses under the equivalent 400kHz sine 
waveform and bipolar square waveform (D=50%) with no DC 
bias current condition were also tested for comparison purpos- 
es. 

Some typical core loss measurement waveforms under 
operating condition | are shown in Figure 5. The digital oscillo- 
scope math functions implement (2). The results are indicated 
on the right side of the figure. 
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Figure 4 AHB transformer core loss results 
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It is clear from the test results that the core loss under 
PWM waveform excitation increases as the duty ratio decreases 
and that the addition of a DC bias current increases core loss. 

Using the FEA simulation result as the reference, the dif- 
ference between the measurement and the FEA simulation is 
within plus or minus 5% for all the measurement conditions. 
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(c) 
Figure 5 AHB core loss measurement waveforms: (a) Vin=35V, (b) Vin=48V, (c) Vin=75V 


A. WINDING AC RESISTANCE MEASUREMENT RESULTS 


The AC resistance of the AHB transformer power wind- 
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ings were measured and 3D FEA simulations were conducted to 
compare the results. The measurement and FEA simulation 
results are illustrated in Figure 6. The DC resistances are also 
provided as a reference. 

Using the simulation results as reference, the difference 
between the measurement and FEA simulation results are with- 
in plus or minus 10% for the three AHB transformer powertrain 
windings. The measurement waveforms are shown for the sec- 
ondary-I winding in Figure 7. 

We can observe from the test results that the winding 
equivalent AC resistance under PWM waveform excitation is 
larger than that under sinusoidal excitation. In addition, the 
resistance increases as the duty ratio decreases. 
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Figure 6 AHB transformer winding AC resistance; (a) primary winding, and (b) secondary 
windings 
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(c) 
Figure 7 AHB transformer secondary-I winding AC resistance measurement waveforms; (a) 
sinusoidal, (b) D=50%, and (c) D=20% 


V. ERROR ANALYSIS 


In order to ensure that the core loss and winding AC 
resistance measurements are accurate and valid, it is necessary 
to analyze the various error sources in the measurements to 
obtain the loss measurement accuracy. 


A. ERROR ANALYSIS FOR CORE LOSS MEASUREMENT 


Using (2), the core loss is determined using the winding 
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voltage and magnetizing current. Therefore, the error analysis 
of the proposed core loss measurement method is based on (2). 
The various error sources and their effect on the core loss meas- 
urement accuracy are analyzed as follows. 


1) VOLTAGE MEASUREMENT ERROR 

The Tektronix TDS5054 digital oscilloscope was used 
for the tests. It has an 8-bit ADC. The averaging acquisition 
mode was used in the measurement, so, the effective sampling 
resolution can be as high as 11-bit. Both the digitizing and the 
linearity errors in the measurement are +1/2LSB at full scale. 
Combining these factors, we can assume that the voltage meas- 
urement error is +1LSB at full scale. 

For the measurements, the location of the peak value of 
the voltage waveform measured on the oscilloscope determines 
the voltage measurement error. In the measurement, the peak 
value is always kept above 10% of the full scale (for the worst 
case). For the vertical scale, the voltage measurement error of 
the oscilloscope is less than 0.489%. Therefore, from (2), the 
relative error of the worst case core loss due to the voltage 
measurement is given by (6), which is less than 1% for the given 
test setup. 





N k , 0 
ca Poi < F v, (1 + 0.489%) - Yyl — 
bE ipg = iV, iV j=j T =] — ? 0 
Fe Ned Ye ee a 
N, N i=] I R sense 
2) TURNS RATIO ERROR 


As explained in section IJ, calibration of the turns ratio 
between the primary and secondary windings helps to minimize 
error. In the turns ratio calibration procedure, (3) is used for the 
calculation. The peak voltage is kept close to the full scale of the 
oscilloscope, so, the digitizing error in the voltage measurement 
for the turns ratio calibration can be considered as +1LSB of the 
ADC, which is 2-11. 

Therefore, based on (3), the worst-case relative error for 
the turns ratio calibration is less than 0.1%. 

In this article, the digitizing error 1s neglected, so, we can 
assume that no error is introduced into the calibration procedure 
of the turns ratio. Using this calibration method, the turns ratio 
between the primary and secondary-II winding in the AHB 
transformer is 2.04 from 400kHz to 2MHz. Without this turns 
ratio calibration, a relative error of 2% will be introduced into 
the core loss measurement results. 


3) TOLERANCE OF THE CURRENT SENSING RESISTOR 


The metal film resistor used in the core loss measurement 
has a tolerance of plus or minus 1%. Therefore, a 1% relative 
error is introduced due to the current sensing resistor. 


4) TIME DELAY ERROR 


Another important error source is time delay error due to 
the inductance of the current sensing resistor. For SMPS trans- 
formers, ideally, the voltage and current waveforms are in the 
wave shapes as shown in Figure 8 by the solid lines. 
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Figure 8 Ideal and typical transformer voltage and magnetizing current 


The time delay between the voltage and the magnetizing 
current can be defined as d. Then, from (1), (7) can be derived. 
In (7), V is the amplitude of the positive part of voltage wave- 
form; IM is the amplitude of the magnetizing current; D is the 
duty ratio of the PWM waveform; T is the switching period of 
the circuit; and d is the time delay between the voltage and the 
magnetizing current. 
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Since the magnetizing current is sensed by a resistor, (7) 
can be written as (8). 
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If some error, Delta d is introduced into the time delay, d 
the magnetizing current waveform will be shifted with respect 
to the actual waveform as illustrated by the dashed line in Figure 
8. Then the incremental core loss due to this error can be calcu- 
lated using (9). 


(9) 


Using (8) and (9), the relative error of the core loss power 
due to Delta d is given by (10). 
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It is clear that the relative error is very sensitive to small 
values of d. In this case, if large time delay error is introduced, 
the relative error will become large. Therefore, care should be 
taken to minimize time delay error. 

Sources of time delay error can be: poor frequency 
response of the current-sensing device; and trigger jitter and 
delays for different channels introduced by the oscilloscope. 
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For the digital oscilloscope used, the trigger jitter is typ- 
ical at 8 ps, so, it can be ignored. The probes used for the volt- 
age measurement are originally from the same oscilloscope and 
are matched to each other, so, the phase delay between channels 
of the oscilloscope can be neglected. The inductance associated 
with the current sensing resistor is the important source of the 
phase delay error. Therefore, in experiments, care should be 
taken to reduce these error sources and small inductance metal 
film resistor is used. 

Using an impedance analyzer, phase shift less than 0.01 
degree is observed for the current sensing resistor at 400kHz. It 
is less than 0.02 degrees at 800kHz and 0.05 degrees at 2MHz. 
Using the phase shift at 400kHz and transferring it to delay time 
for 400kHz, the time error can be calculated as given by (12). 


Ags = 0.01 
3 





x 2.5us = 69.S5ps 
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(12) 


The relative error depends on the time delay and the error 
introduced due to the time delay, so the value changes for dif- 
ferent operating conditions. For example, the time delay 
between the voltage and magnetizing current can be calculated 
as d=59ns using (8) for the AHB transformer operating at 48V 
input. With a time delay error of Delta d=69.5ps introduced by 
the current sensing resistor, we can obtain the relative core loss 
error as less than 0.12% using (10). This calculation procedure 
can be applied for other operating conditions and a relative error 
of less than 0.2% is obtained for all the operating conditions. 

B. Error Analysis for Copper Loss Measurement 

The main error sources in the winding resistance meas- 
urement are: (1) voltage measurement error, (2) turns ratio error, 
(3) tolerance of the load resistor, (4) time delay introduce into 
the load current measurement. 

By manipulating (4), (13) can be derived. 


Ne, N 
FA ‘ avi V9; 
Rsee—AC = R Load * ET = A 3 (13) 
> (va; F 


The effect of each error source on the winding AC resist- 
ance measurement is analyzed as follows. 


1) VOLTAGE MEASUREMENT ERROR 

The TDS5054 uses one ADC for all four channels. 
Therefore, the digitizing errors of the voltage measurement for 
each channel can be considered equal. Furthermore, the digitiz- 
ing error will cancel out in the numerator and denominator in 
the first item in (13), so we can assume that the digitizing error 
can be neglected. 


2) TURNS RATIO ERROR 

An auxiliary winding is used to obtain the winding volt- 
age. Since a calibration of the turns ratio is carried out to obtain 
the actual turns ratio, this error can be ignored. 


3) TOLERANCE OF THE LOAD RESISTOR 

The load resistor used in the measurement has a tolerance 
of plus or minus 1%, so a relative error of 1% is introduced into 
the winding AC resistance measurement. 
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4) TIME DELAY ERROR 


In the load current measurement, a pure resistor value is 
assumed as the load. However, the inductance of the resistor and 
the inductance induced in the measurement circuit will intro- 
duce some time shift error for the current. 

For a SMPS with a rectangular PWM voltage and current 
waveform as shown in Figure 9 (the leakage inductance can be 
neglected because it is very small), the winding AC resistance 
can be calculated using (14), where, V1 is the positive ampli- 
tude of the auxiliary winding voltage; V2 is the positive ampli- 
tude of the load resistor voltage; and NTurn-Ratio is the actual 
turns ratio between the auxiliary and the measured windings 
after calibration. 


, Vi 
R See -AC = R Load *N Turn — Ratio Pa =1) (14) 


voltage 
A 





-V Di(1-D) ELERA $a es) 


Figure 9 Typical and ideal PWM voltage and current waveform in measuring winding AC 
resistance 


Due to the parasitic inductance, some time delay will be 
introduced into the load current measurement as shown in 
Figure 10. With this time delay, the winding AC resistance is 
given by (15). 


ma |= | 
Kl D(-D)T (15) 


R Sec- AC = R Load [x Turn — Ratio 


Then, the relative error due to the time delay can be cal- 
culated using (16). 


ô 
AR Sec - AC = DU- D)T (16) 
Rse-A0 qa 2 

N-V, 


If the load resistor is much larger than the winding AC 
resistance, then the ratio of V2/V1 in (16) will be very close to 
one. In this case, the relative error will be very sensitive to the 
time delay and care should be taken to minimize the parasitic 
inductance in the measurement. 
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Figure 10 Time delay introduced into the load current measurement 


VI. CONCLUSIONS 


New measurement schemes to characterize transformer 
core loss and copper loss for SMPS were proposed. 

Measurement results were presented for a planar trans- 
former operating in a DC/DC power converter. FEA simulation 
using a time-domain solver was used to verify the measurement 
results. In addition, a detailed error analysis has been provided 
for the proposed core loss and copper loss measurement meth- 
ods. The results show that the proposed methods can provide 
accurate measurement of transformer core loss and copper loss 
for high frequency SMPS. 

Using the error analysis results, the relative error was cal- 
culated to be less than 5% for all the measurement conditions 
for the AHB transformer core loss; For the winding AC resist- 
ance, the measurement accuracy is: <2% for the primary wind- 
ing, <5% for the secondary-I winding and <4% for the second- 
ary-II winding. 
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HOW TO WITNESS TEST A TRANSFORMER 


Patrick K. Dooley, Virginia Transformer Corp. 


Before a manufacturer sends a transformer to your site, it 
conducts various tests. To ensure performance requirements, 
you may want to witness the testing and inspect the unit your- 
self. 

Does a new transformer represent a major expenditure 
for your company? Not only does such an investment cost thou- 
sands of dollars, but it’s also vital to the ongoing operation of 
your business. Reliability is obviously a top priority here. So, 
how do you ensure equipment integrity and performance? 
Witness testing 1s one way to make sure your new transformer 
meets industry standards and will provide quality performance 
after installation. 

About 75% of the transformers purchased by utilities 
undergo witness testing, compared to about 10% of those built 
for industrial/commercial applications. Witness testing is also 
more common for larger, complicated designs. Often, as cus- 
tomers forge a strong working relationship with a manufacturer, 
they’re less likely to witness test every transformer. What does 
witness testing require? Just a visit to the plant to examine the 
new transformer and watch it perform during various tests. The 
success of a witness test depends on proper preparation by the 
manufacturer and you, the purchaser. Here are some useful tips. 


FOR THE MANUFACTURER: 


e Notify inspector, who will witness the test two weeks in 
advance of test date to confirm schedule. Then, verify this infor- 
mation three working days before the test. 

e Complete routine tests before the inspector arrives to 
prevent delays in witness testing. However, you, as the inspec- 
tor, may wish to witness the routine tests. 

e Confirm calibration of instruments as scheduled. Use 
standard data sheets to record test values. 

e Provide test certification and data sheets as standard 
documentation. (See ANSI/IEEE (C57.12.90-1993, IEEE 
Standard Test Code for Liquid-Immersed Distribution, Power 
and Regulating Transformers and IEEE Guide for Short Circuit 
Testing of Distribution and Power Transformers, and 
C57.12.91-1995, IEEE Standard Test Code for Dry-Type 
Distribution and Power Transformers, for minimum information 
on test requirements. ) 


FOR THE CUSTOMER: 


e Completely understand the tests you’ll witness. 

e Designate someone as the inspector when you place the 
order for the transformer. Notify the manufacturer so you or 
your representative receives all applicable documentation. 

e Notify the manufacturer of any discrepancies in docu- 
mentation. 

e Accommodate the manufacturer’s schedule to avoid 
possible cost overruns. 

e Review all test documentation before arriving at the 


plant so you’re familiar with the design parameters. 


WHAT TO DO AT THE SITE: 


e Review the purpose of the tests and any associated pro- 
cedures with the manufacturer’s test engineer prior to com- 
mencing the tests. 

e Discuss which tests are of particular importance so the 
manufacturer can give them extra attention. 


WHAT TO LOOK FOR DURING TESTING: 


e Understand how to read results and how they impact 
performance. 

e Listen to the transformer’s sound level when the techni- 
cian applies voltage, particularly if you’ve requested a sound 
test. 

e Allow sufficient time for tests. Some tests, such as an 
induced over voltage test, require 15 min of setup time and last 
as little as 18 sec. Others, such as taking temperature readings, 
can last overnight. 


AFTER THE TEST: 


e Conduct a physical inspection of the transformer, using 
the following checklist as a guide: 

e Transformer grounding positions are correct. 

e Paint color is as specified. 

e Name plate, cautionary plates, etc. are correct and in an 
easily readable position. 

e Transformer terminals allow for reliable connection and 
cable support in the field. 

e Accessories are in the proper location. 

e Gauges and monitors are positioned for readability and 
accessibility 


Alternatives to witness testing. Although manufacturers 
usually don’t charge for testing that doesn’t incur unreasonable 
expenses, you must pay for your inspector’s time and travel. If 
this is prohibitive, you should consider the following less 
expensive alternatives. 

e Company audit. 

If you plan to or already work repeatedly with a single 
manufacturer, conduct a quality audit. Audits, which are stan- 
dard among major corporations, include an in-depth inspection 
of the company’s facilities and a review of procedures to deter- 
mine if the manufacturer pays proper attention to all design and 
manufacturing processes. When you ve identified, and the man- 
ufacturer has resolved, any issues of concern, you can forego 
future witness testing or do so only on an as-needed basis. 

e Design and production partnership. 

Less formal than an audit, this partnership encourages 
you and the manufacturer to work together throughout the order 
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production testing process. You receive detailed test reports 
before shipment. Careful examination and discussion between 
you and the test engineers, or manufacturer representative, can 
provide the same information as a witness test. 

e Similar unit test. 

You'll receive results from tests conducted on similar 
units to provide an early view of your transformer’s perform- 
ance. These reports are available at any time during your trans- 
former’s construction life. Getting the transformer you want 
means effective coordination. Whatever level of product quali- 
ty review you choose, remember partnering with your trans- 
former manufacturer is key to getting the unit you want. If you 
change your specification requirements, let the manufacturer 
know of the changes immediately to minimize the cost later. 
Lastly, but most importantly, witness testing can provide you a 
better understanding of your transformer’s operation. 


SIDEBAR: TESTS YOU CAN WITNESS 


All transformers undergo two kinds of industry-standard 
tests, routine and design, to ensure the transformer will perform 
as designed. Further optional tests explore the quality of the 
transformer’s construction, assurance, and adherence to stan- 
dards. 

Manufacturers in the United States perform tests in 
accordance with applicable IEEE and NEMA standards (as 
approved by ANSI procedures). Overseas customers may 
require their transformers comply with IEC (International 
Electrotechnical Commission) specifications. Generally, the 
manufacturer repeats tests for witnessing for only those you 
specify. If you have no specific requests, the manufacturer will 
conduct routine ANSI tests. These include: 

e Ratio and phase relation; 

e Resistance; 

e Excitation loss and current; 

e Load loss and impedance; 

e Applied voltage; and 

e Induced voltage 


Design tests, also called type tests, are required only on 
one of a series of similar or duplicate units. However, you may 
request the manufacturer perform any of the design tests (usual- 
ly impulse tests) on any unit. These include: 

e Impulse; 

e Short circuit; 

e Temperature (heat run); 

e Insulation power factor; 

e Insulation resistance; 

e Sound; and 

e Partial discharge 


33 


34 


Electrical Transformer Testing Handbook - Vol. 6 


HIGH-PERFORMANCE TRANSFORMER OIL PUMPS: 





WORTH THE INVESTMENT 





PlantServices.com 


Transformer oil pumps have evolved dramatically over 
the past several decades. Once considered to be merely a 
replaceable routine maintenance item, comparable to, say, a 
valve, pumps are now almost universally recognized as a criti- 
cal component of “‘forced-oil-cooled” transformers — a compo- 
nent that requires sophisticated engineering, high-quality con- 
struction and systematic preventive maintenance. 

When a transformer oil pump performs properly, it 
ensures maximum cooling to maintain the transformer’s peak 
load capacity. However, impairments to a pump can result in 
costly breakdowns and potentially catastrophic damage to the 
transformer. Unfortunately, such impairments are notoriously 
difficult to detect and prevent in pumps that are designed and/or 
constructed inadequately. 

Transformer oil pump manufacturers in the United States 
have provided worldwide leadership in addressing these prob- 
lems by introducing design improvements and innovations such 
as ultrasonic sensors that monitor the condition of bearings. 
Major North American utility companies have also driven the 
development of high-performance transformer oil pumps by 
requiring thermal, mechanical, sealing, electrical and fluid sys- 
tems that provide dependable operation. 


THE CHALLENGE 


Pumping transformer oil is a demanding application. 
The pump must operate continuously, year after year, pumping 
high-temperature oil and remaining hermetically sealed in harsh 
outdoor environments. 

One of the most challenging aspects of transformer oil 
pump design is the fact that the transformer oil also functions as 
the pump’s lubricant. The problem is that transformer oil is 
selected — not for its lubricating performance — but rather for its 
ability to function as an insulator to suppress corona and arcing 
within the transformer, and for its ability to maintain stability 
and good dielectric properties at high temperature. Highly 
refined mineral oil works well inside the transformer, but it is a 
poor lubricant for the ball bearing systems in many types of 
transformer oil pumps. 


THE RISK 


Wear of the bearing system and impeller can lead to the 
release of metal particles into the oil circulating through the 
pump, cooler and ultimately, the transformer. As a result, the 
dielectric properties of the oil and insulation can degrade, poten- 
tially causing hazardous arcing. 

Degradation of the bearing system and impellers, as well 
as impairments of motor windings, also can cause a reduction 
in pump flow and discharge pressure, which causes reduced 
cooling capacity. 

Leaking electrical connectors and gasketed surfaces can 
impair pump performance and allow the ingress of moisture into 


the oil, as well as oil leaks into the environment. 

State-of-the-art pumps mitigate these risks in a number 
of ways, including improvements to bearing design, ultrasonic 
monitoring of bearing condition, and high-quality construction. 
Properly designed new or remanufactured pumps can take 
advantage of many of these advancements in transformer oil 
pump technology. 


BEARING DESIGN 


Of all the design improvements in transformer oil pumps 
over the past several decades, the single most important one is 
the replacement of ball bearing systems with bronze sleeve 
bearings. 

As mentioned above, transformer oil provides a poor 
lubricant for ball bearings. In fact, ball bearings are a viable 
solution only when lubricated by heavier oil or grease. They fail 
prematurely when lubricated by lightweight, low-viscosity 
transformer oil. 

Additionally, ball bearing pumps that are not operated 
continuously will commonly fail as a result of false brinelling of 
the bearings caused by transformer vibration or slight flow 
caused by convection. 

False brinelling occurs when vibration pushes the lubri- 
cant away from a region that it is intended to protect. In a situ- 
ation when a mostly stationary bearing is subjected only to 
oscillating or vibrating load, the lubricant may be pushed out of 
the loaded area. 

However, since the bearing is rolling only small dis- 
tances, there is no action or movement that replaces the dis- 
placed lubricant. The resulting wear debris oxidizes to form an 
abrasive compound, which further accelerates wear. 

All U.S. manufacturers, and some foreign suppliers, have 
discontinued using ball bearings in transformer pump designs. 
North America’s largest manufacturer and remanufacturer of 
transformer oil pumps, Cardinal Pumps & Exchangers in Salem, 
Ohio, a division of Unifin International, retrofits all ball bearing 
pumps with pump-specific bronze sleeve type radial/thrust bear- 
ings and hardened steel thrust collars. 

The key to the design of thrust and radial bearings for 
transformer oil applications is large thrust face sleeve bearings 
for long life and minimum wear. The bearings need to have 
proper surface finish and precisely positioned grooves to pass 
the oil and maintain an adequate lubricant film under all condi- 
tions. 


MONITORING BEARING WEAR 


Reliable long-term performance of transformer oil 
pumps depends not only on the bearing and hydraulic design 
systems, but also on the ability to proactively detect wear, to 
ensure effective and energy-efficient cooling performance and 
to protect the pump and transformer from damage and break- 
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downs. 

A patented ultrasonic bearing wear-monitoring system 
was developed in by J.W. Harley/TecSonics Inc. (acquired by 
Cardinal Pumps and Exchangers, Inc.) to overcome the short- 
comings of conventional transformer pump bearing wear detec- 
tion methods based on sound, vibration and oil contamination. 

Such methods proved inconsistent and unreliable, and 
they were useful only after the pump was in an abnormal oper- 
ating state or on the verge of catastrophic failure. 

The ultrasonic bearing wear system, TecSonics, provides 
advance warning. By tracking data over time, the monitoring 
system provides rate-of-wear information that enable informed 
decisions about selective, preventive maintenance, to protect 
equipment, avoid breakdowns, and optimize maintenance effort 
and expense. 

The principle of operation of the ultrasonic monitoring 
system is not complicated. Six precision ultrasonic sensors are 
mounted in both thrust and radial bearings at strategic points, on 
new pumps or on remanufactured pumps from various manufac- 
turers. 

A permanently mounted piezoelectric transducer emits a 
high-frequency sound wave, and precisely measures the echo 
time to determine the distance between the sensor and the bear- 
ing surface, to an accuracy of 0.0002 inches. Measurements are 
compared to baseline readings to determine if any bearing wear 
has occurred. 

The temperature-compensated readings can be taken 
while the pump is under any operating condition, without disas- 
sembling the pump, whether the pump is operating or not. The 
sensors do not affect the performance of the pump. In addition 
to the ultrasonic system for monitoring bearing wear, it also is 
useful to have a shaft rotation sight plug to facilitate checking 
for proper shaft/impeller rotation. 


QUALITY CONSTRUCTION 


A third consideration, beyond the design and monitoring 
of the bearing system, is the overall quality of construction, both 
in terms of the quality of materials and the quality of manufac- 
turing. 

Pumps should be constructed of rugged cast iron materi- 
al for the pump castings (casings, motor enclosures and 
impellers) to provide long life in the field. To protect the exte- 
rior surfaces from corrosion, high-performance/high-quality 
coatings (primer and top coats) should be applied. 

All sleeve bearing pumps should have the bearing jour- 
nals and thrust surfaces ground between centers to ensure align- 
ment and surface finish. All pump shaft, impeller and motor 
assemblies should be dynamically balanced to assure long-term 
vibration-free operation. 

Durable electric supply power cords also help to ensure 
reliable transformer pump performance. They should be capa- 
ble of withstanding ultraviolet rays, oil, water and extreme 
weather conditions. 


THE ECONOMICS OF TRANSFORMER OIL PUMP 
INVESTMENT 


Investment in high-quality new and remanufactured 
transformer oil pumps has a high economic return. A good 
pump will typically cost much less than 1 percent of the cost of 
the transformer that it supports, and yet it provides long-term 
insurance against breakdown, damage or failure of the trans- 
former. And as all owners of large critical transformers will 


35 


attest, a failure or major outage of this equipment can cause 
severe upheaval to the wellbeing of their electrical power distri- 
bution system. 

High-quality pumps also pay for themselves in lowered 
maintenance and replacement costs. Properly designed sleeve 
bearing pumps reliably perform 15+ years - more than three to 
four times the typical useful life of ball bearing pumps. In 
addition, pumps with ultrasonic monitoring systems are less 
costly to operate because preventative maintenance can be effi- 
ciently planned. 
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INFRARED DIAGNOSTICS ON PADMOUNT 
TRANSFORMER ELBOWS 


Jeff Sullivan, Mississippi Power Company, Hattiesburg, MS 


ABSTRACT 


Mississippi Power Company has been a leader and trend- 
setter in finding new and better ways to increase customer sat- 
isfaction. For this reason, we implemented a program of 
infrared thermographic inspection using infrared thermal imag- 
ing cameras, and all the electrical equipment in our facilities, 
including all of our 750 KVA to 2500 KVA padmount trans- 
formers, one of which had failed disastrously. 

During a survey of these transformers, I detected thermal 
problems with more than 30% of the 400 scanned, all associat- 
ed with the high side elbow connection. Further investigation 
related the failure mechanisms to improper installation tech- 
niques during both the original installation and the routine pre- 
ventive-maintenance replacement of the elbows. 

Using newer improved equipment and holding training 
classes on proper installation and removal of this equipment, we 
reduced the occurrence rate of these anomalies from 30% to less 
than 2%. Our management authorized the purchase of an addi- 
tional infrared camera, also known as a thermal imaging cam- 
era. 

This paper describes the program and the findings, 
explains the diagnostics and illustrates the contrast between 
properly and improperly installed equipment. 


1. INTRODUCTION 


Mississippi Power Company began doing infrared scans, 
using an infrared thermal imaging camera in 1994, as a support 
service to our industrial and commercial customers. Over the 
past several years, we have come to realize the value of using 
infrared thermal imaging cameras to find and solve problems 
for our customers as well as for ourselves. Being proactive, our 
department added more people to keep up with the increased 
needs of our customers and to provide the best reliable service 
to our customers. We did this by purchasing additional infrared 
thermal imaging cameras and increasing the scope of work to 
include infrared scans of our substations, feeders and all of our 
padmount transformers rated from 750KVA up to 2500KVA. 
We now have three infrared thermal imaging cameras in 
Mississippi Power Company. 

Padmount transformers are transformers that are sealed 
in metal containers and filled with oil. They are used to step up 
or down the output voltages depending on customer needs. They 
range in size form 50K VA to 2500KVA and vary in shape. The 
main reason for using padmount transformers is that they offer 
a wide selection of load capacity in modular, encapsulated form. 
Other reasons include esthetics and safety; in designated areas 
such as in subdivisions, encapsulated padmount transformers 
are safer to operate and can be placed underground, where they 
are out of sight and impervious to falling trees and other haz- 
ards. 


The elbow problems that we found and identified with 
the use of the Infrared camera were put into three categories for 
the purpose of identifying, tracking and repairing the problems. 
They are contact, probe and crimp problems. With the use of the 
infrared camera and through training we have reduced the prob- 
lems from 30% to less than 2%. 


2. CLASSIFICATION OF PROBLEMS 


My job consists of doing infrared scans for customers, on 
padmount transformers and on our feeders. Since additional 
personnel were assigned to the department, I have been able to 
concentrate on padmount transformers more than was possible 
in the past. I have used this opportunity to track and record the 
data from my findings. As it turned out, I discovered that we 
have a serious ongoing problem with padmount transformer 
elbows. With 400 transformers scanned, I found that 30% of the 
padmount transformers had an elbow problem. With experience 
gained from working in electrical substations for 12 years as an 
electrician, and from other sources, I was able to determine 
what caused the problems and how to correct them. After 
reviewing them, I classified them into three categories, contacts, 
probes and crimps. 

The first category is the contact problem. This occurs 
when the female bushing is replaced after a failure. If grease is 
applied incorrectly on the stud of the internal winding of the 
transformer, when the female bushing is threaded onto the stud, 
it forces the grease into the contacts of the female bushing. 
When the transformer is energized, the grease heats up, turning 
into a liquid and acting like a hydraulic pump, forcing the probe 
backwards. This action causes the contacts to arc and eventual- 
ly burn up. Similar heating will occur if the elbow is not prop- 
erly seated when installed. Fig. 1 illustrates two examples of an 
elbow that is not properly seated due to a mechanical error or 
grease being applied improperly. 

The second problem category is the loose probe; related 
to the method of removing the elbow from the transformer after 
the unit had been in service. When an elbow has been installed 
for a period of time, it creates a vacuum or suction due to the 
load of the transformer. To remove the elbow from the trans- 
former, it has to be twisted back and forth several times to break 
the vacuum or suction it had created due to load changes. Each 
time the elbow is twisted counterclockwise, it causes the probe 
to loosen from the threaded crimp and eventually causes the 
probe to burn up. Through proper training and the use of a ring 
stick with a slide weight on it, the elbows could be removed by 
one person and installed properly, therefore practically eliminat- 
ing this problem. Fig. 2 illustrates two examples of loose 
probes. 
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Figure 1. Two examples of heating on a padmount transformer due to improper elbow 
installation that will lead to contact damage 





Figure 2. Two examples of heating on a padmount transformer due to loose probes 


The third problem category concerns the crimp on the 
underground dip wire. There are two different problems associ- 
ated with the crimp. The first occurs when the wrong size crimp 
is used. The second occurs as a result of an improperly execut- 
ed crimp connection. Either one will cause overheating that will 
lead to a failure. Fig. 3 is an example of the result of a bad 
crimp connection. 





Figure 3. Overheating of an elbow caused by a bad crimp connection 


3. CONCLUSIONS AND COST AVOIDANCE SUMMARY 


Through the use of the infrared camera, we have found 
and solved problems that would have been disastrous if they had 
not been detected in time. One of the best results of doing 
infrared scans is that it has allowed Mississippi Power Company 
to greatly improve customer relations in dependability and reli- 
ability. Unscheduled outages are a big problem to a company 
like ours, and by using the infrared camera in routine predictive 
maintenance we perform, we have greatly reduced our cus- 
tomers’ outages. 

If a padmount transformer elbow were to fail for one of 
our larger customers, the average time to get the customer back 
to 100% production would be about four hours of outage time. 
Several of our customers estimate their losses to be about 
$1,000 a minute when they are out of power due to an elbow 
failure problem. This computes to a $240,000 customer loss for 
an outage. 

By using the infrared camera to find the problems, iden- 
tify and fix the problems on a controlled outage situation, 
Mississippi Power Company and our customers have shared in 
the rewards. The elbow problems found on padmount trans- 
formers were found, identified and fixed, reducing the problem 
by 28% through proper training of everyone involved with 
installation and removal of padmount transformer elbows. This 
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saved Mississippi Power Company from loss of revenue, having 
to pay overtime and from destruction of expensive equipment, 
thereby improving customer relations and satisfaction. Also, 
the customer benefited greatly from Mississippi Power 
Company being proactive by offering infrared services to them. 
The bottom line is that the infrared camera is a win/win for 
everyone. It is one of the best purchases a company can make. 
Not having an Infrared camera in our business would be like 
going back into the Stone Age. 
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HOW INFRARED THERMOGRAPHY HELPS 


SOUTHERN CALIFORNIA EDISON IMPROVE GRID 





RELIABILITY 


Bob Turnbull and Steve McConnell, Southern California Edison, Alhambra, CA 


ABSTRACT 


The Infrared Thermography Inspection program at 
Southern California Edison has been fully integrated into its 
predictive maintenance protocol at all its facilities. This paper 
will provide an overview of the program. 

Overviews of the physical facility structure and the staff 
organizational chart will be provided. Day-to-day inspection 
procedures, reporting mechanisms and follow-up protocol will 
be reviewed. Examples of critical findings and their repair dis- 
position will be reviewed. Personnel training and certification 
programs will be discussed. 

The paper will conclude with a review of the company’s 
plans for marrying their infrared inspection program with cur- 
rently planned facility expansion. 


1. INTRODUCTION: A BRIEF OVERVIEW OF SOUTHERN 
CALIFORNIA EDISON 


SoCal Edison services more than 4.1 million customers 
in a 50,000 square mile service territory in Southern California 
with a peak demand of 21GVA. Our 80 GVA installed capacity 
is delivered through 858 substations in which the equipment 
complement includes: 

e 900 substation busses 

e 3,300 power transformers 

e 10,800 circuit breakers rated from 500 2,400 Volts 


2. OVERVIEW OF THE SUBSTATION CONSTRUCTION AND 
MAINTENANCE DEPARTMENT 


Figure | is a structural chart of our organization headed 
by Mr. Bob Turnbull, Technical Supervisor of Substation 
Construction and Maintenance Support Services. The heart of 
our controlled PdM program is the computer-based PassPort, 
which is the name for our Work Management System. 


Substation Construction and Maintenance Service Stall 


Superintendent 
Robert I urnbull 


Predictive 
Maintenance 
Assessments 


On-line Monitors and 
Systems 


Maintenance 
Business Systems 
Data and Analysis 


Field Support 





Mike Fallusso 
Steve MeConnell 
Bernie Osendorf 


Alex Salinas John Mouni 
Tony Bustamonte 
Mike Woethrich 


Dalton Cobb 


Raymond Wong 
Kevin English 


Figure 1. Our organization chart 


Maintenance Business Systems data and analysis per- 

sonnel provide: 

e Substation Construction and Maintenance web-site 
technical lead and development 

e PassPort Work Management System maintenance data 

e Real-time KPI (key performance indicators) status 

e Transporting and management of data 

e Data communications systems architecture and data- 
base structure 


Technical Field Support personnel provide: 

e Installation, operation and maintenance recommenda- 
tions, equipment failure analysis and reports and on-line oil fil- 
tering and Morgan Schaffer monitoring for transformers, reac- 
tors LTCs (load tap changers) and oil-filled CT/PTs (current 
transformers/voltage transformers). 

e Installation, operation and maintenance recommenda- 
tions for power circuit breakers and GIS (gas insulating sys- 
tems). 

e Maintenance cost factors provided by the equipment 
specification team member 

e Capital replacement strategy provided by the trans- 
former resource management team member 

e Equipment problem resolution and supplier perform- 
ance tracking by the ABB (Asea-Brown-Bover1) circuit breaker 
team member 

e Resource manual, SF6 residual credit and new gas pro- 
cessing equipment provided by the SF-6 sulfur hexafluoride 
insulating gas) gas resources team member 


On-line Monitoring personnel provide: 

e On-line monitor links to our PassPort Work 
Management System 

e Development of response time recorder replacement 

e On-line equipment monitoring technical lead analysis 
and on-line monitor data 


k i PREDICTIVE MAINTENANCE ASSESSMENT PRO- 


The mission of our PdM assessment (PMA) program is 
to improve and optimize grid reliability through the deployment 
of a multidisciplinary diagnostic program of equipment moni- 
toring. The elements of this program are: 

e PdM technical lead 

e Maintenance initiatives 

e Infrared diagnostics 
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e Acoustical diagnostics 

e Vibration analysis 

e Technical reporting 

e Technical recommendations 


With all these elements in place, and by means of our 
Predictive Maintenance Assessment (PMA) reports, we have 
consistently demonstrated and documented failure avoidance 
and cost avoidance. Our Infrared Thermography Inspection 
program in particular has been most dramatic in this regard, as 
shall be demonstrated by examples given later in this paper. As 
a result, we have convinced Management that our program 
should be ongoing and continuously expanded. This manage- 
ment “buy-in” is crucial to any program of this kind. 

The importance of “selling” the program to our own team 
members as well as to Management cannot be emphasized 
enough. While Management’s major concerns involve meeting 
business goals and maintaining profitability, the goals of our 
team members revolve more around job satisfaction, recogni- 
tion of contribution by Management and personal enrichment 
and advancement. Working with one of the most modern and 
powerful technologies, such as infrared thermography, goes a 
long way toward achieving these goals. Nothing works like 
success, and we have been most successful in this area. 

Field personnel also benefit by the success of the pro- 
gram. Frequent systematic inspections, meaningful findings 
and timely maintenance and repair optimize personnel and facil- 
ity safety, minimize down time and enhance the job satisfaction 
of field operating personnel. 

Most critical to our program is emphasizing the concept 
of a “team effort’. Effective communications among team 
members is essential. The need to “close the loop” on any find- 
ing must remain foremost in the minds of all team members. 


4. THE PMA PROCESS — CLOSING THE LOOP 


The PMA process begins with regularly scheduled 
inspections at locations designated by the program managers 
and supplemented, on occasion, by special requests from the 
field. The technical specialists, such as the IR thermographers, 
perform the station inspections and determine the criticality of 
each finding, assigning a severity level to each detected abnor- 
mality. These levels, in the case of infrared thermography, are 
determined, for the most part, by the maximum detected tem- 
perature rise over a predetermined reference temperature, with 
Level | being the most critical and requiring the most immedi- 
ate attention. The severity levels are defined as follows: 


CRITICAL PROBLEM-PRIORITY LEVEL 1 


Any problem that is identified as a safety hazard, or an 
immediate threat to grid reliability. 

Identified through the use of diagnostic analysis and 
inspections. 


ACTION REQUIRED: REPAIR IMMEDIATELY. 


Foreman/electrician to make decision and take immedi- 
ate corrective action to relieve the problem. Notify superintend- 
ent and program manager as soon as possible. 

Note: the corrective action may be in the form of switch- 
ing to relieve load, jumper out a disconnect switch, repair or 
remove equipment from service, etc. 
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SERIOUS PROBLEM-PRIORITY LEVEL 2 


A problem that has the potential to develop into a haz- 
ardous condition and effect grid reliability. Identified through 
the use of diagnostic analysis and inspections. 


ACTION REQUIRED: REPAIR IN THE IMMEDIATE FUTURE. 

Foreman/technical specialist shall periodically monitor 
until repaired. Technical specialist notifies supervision and sub- 
mits a written report. Foreman/program manager to establish 
priorities and schedule at monthly foremen’s planning meeting. 

Note: this type of problem will progressively worsen 


INTERMEDIATE PROBLEM-PRIORITY LEVEL 3 


A problem that is identified as no immediate threat to 
personnel or grid reliability. 

Identified through the use of diagnostic analysis and 
inspections. 


ACTION REQUIRED: SCHEDULE THE REPAIR. 


Foreman/program manager to establish priorities and 
schedule at monthly foremen’s planning meetings. 

Note: this type of problem is less likely to be immediate- 
ly detrimental to personnel or to the grid. 


MINOR PROBLEM-PRIORITY LEVEL 4 

A problem that is identified as requiring routine attention 
or maintenance. Little probability of physical damage. 
Identified through the use of diagnostic analysis and inspec- 
tions. 


ACTION REQUIRED: REPAIR AS PART OF REGULAR MAINTENANCE. 


Foreman to establish priorities and complete repairs as 
time permits. 

Note: this type of problem is very unlikely to be detri- 
mental to personnel or to the grid. 


The technical specialist then inputs the data into the 
WMS for the creation of field reports and maintenance repair 
work orders and the WMS generates the formal reports and 
work orders. The technical specialist also notifies the field 
maintenance crews directly when there are any severity Level 1 
abnormalities detected. 

Acting on the severity Level I abnormality report, the 
appropriate foreman generates and releases validation sheets 
directing repair crew (electricians) to perform the indicated 
repairs. The crew completes and documents the repairs, the site 
is reinspected and the foreman closes the work order and enters 
the repair data in the WMS. 

All PMA findings are discussed during regularly sched- 
uled monthly workload meetings attended by team personnel 
from all groups. Cost avoidance reports generated for all Level 
1 abnormalities and repairs are discussed at these meetings. 

Information for reporting trends to Management is 
derived by querying the WMS database. In this way reports are 
prepared from the PMA process for assuring continuing 
Management support. 


1. EXAMPLES OF FINDINGS USING IR THERMOGRAPHY 


We are currently using an Inframatrics model PM 295 
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uncooled-microbolometer based infrared camera. We employ 
three (3) Level II certified infrared thermographers. A fourth 
thermographer is currently in training. 

We inspect a wide variety of operating equipment in our 
substations, including transformers, circuit breakers, bushings, 
disconnects, fuses, roto-switches, secondary current termina- 
tions, potheads, station batteries and relays. The following are 
illustrations of some of the abnormalities detected. 


1. HOT BATTERY TERMINAL 


A hot connection was detected on a battery terminal at 
our Anita Substation as illustrated in Figure 2. A rise of greater 
than 1°C is considered extraordinary in this type of equipment 
and required immediate attention. 





Figure 2 Hot connection at battery terminal (top) 


2. OVERHEATED FAN CONTROL CIRCUIT TERMINALS 

At our San Bernadino Substation, the 1AA bank fan con- 
trol circuit exhibited 2 overheated terminals, as shown in the 
thermogram of Figure 3. The terminal at the left exhibited a rise 
of 135°C and the one at the right exhibited a rise of 153.6°C. 


REF. © 


135 C Rise 153.6 C RISE 





Figure 3. Fan bank control circuit with 2 overheated terminals 


3. NO OIL FLOWING THROUGH TRANSFORMER RADIATOR 


The thermogram of Figure 4., taken of a transformer 
bank at our Center Substation, illustrates the effect of the oil 
flow being shut off from the radiator at the right, resulting in a 
AT of greater than 20°C. 


E 


2 ADIABOR DANK SHUT OF! 





Figure 4. The effect of oil being shut off from the radiator at the right 


4. OVERHEATED TAP CHANGER 


The tap changer shown at the center of the thermogram 
of Figure 5, taken at our Elsinore Substation, was measured to 
be more than 7°C hotter than the main tank (shown at the left). 


Eri 





Figure 5. Tap changer (center) measured to be more than 7°C hotter than the main tank 


(left) 


5. HOT BUSHING ROD 


A hot bushing rod, detected at our Santiago Substation, Is 
shown in the thermogram of Figure 6. This bushing rod (lower 
center) had a measured temperature of 93.7°C, which was more 
than 60°C hotter than the reference point shown at the upper 
left. 


REFERENCE 
iiax 
32.7 


La 
n 
=F 


61 C RISE 
IVEY 
93.7 





Figure 6. Hot bushing rod (center) measured to be more than 60°C hotter than reference 
bushing 
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6. LOW OIL LEVEL INDICATION 


A measured temperature difference of greater than 10°C 
resulted from the low oil level in the radiator at the left of the 
thermogram of Figure 7, taken at our Sierra Madre Substation. 
The radiator at the right, with normal oil flow is at a measured 
temperature of 31.6°C compared to the 18.9°C reading taken on 
the left-hand bank. 





Figure 7. The low oil level in the left hand transformer bank results in no oil flow through 
the radiator 


7. HOT FUSE CLIPS 


Several hot fuse clips appeared on the thermogram of 
Figure 8., taken on the main DC fuse panel at our Anita 
Substation. As indicated in the thermogram, the clips marked 
from left to right exhibited ATs of 7.2°C, 4.6°C and 3.9°C 
respectively above the 28.0°C reference. 





Figure 8. Hot fuse the clips exhibited ATs of 7.2°C, 4.6°C and 3.9°C respectively above the 
28.0°C reference 


2. SUMMARY: WHAT WE HAVE DONE TO DATE AND 
WHERE WE GO FROM HERE 


1. COST AVOIDANCE BENEFITS 


The “bottom line” in any PdM program resides in the 
cost avoidance results. From 1998 to the present we have 
inspected 450 substations with our multidisciplinary assessment 
program. Of the more than 3000 real anomalies detected and 
corrected over this period, more than 1500 (about 50%) were 
detected by means of infrared thermography. Table 2 illustrates 
the results by severity criteria over this testing period. 
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Estimated savings in cost avoidance are in the millions of dol- 
lars per year from the IR thermography program alone, far 
exceeding the cost of the equipment and the training of our ther- 
mographers. Clearly, in terms of "bang for the buck", IR comes 
out way ahead. 

Table 2. Anomalies detected from 1998 to the present in 
450 substations inspected 


Total Anomalies 
Found by Infrared 
Thermography 


Total Anomalies 


Severity Level 
Classification 


Level II 
Level III 


2. WHERE WE GO FROM HERE? 


It has become apparent that the combination of incorpo- 
rating infrared imaging cameras into our PMA, and meticulous- 
ly training our personnel in their operation has paid off in terms 
of avoided down time, avoided repair costs and enhanced safe- 
ty for our operating personnel and equipment. 

Our company has planned extensive expansion of our 
substation network over the next few years, and our 
Management has come to recognize the impact of our Infrared 
Thermography Inspection program on safety and profitability. 
To keep pace with our planned expansion, we are projecting the 
addition of more thermal imaging systems and the training and 
assignment of another thermographer in the immediate future. 
Our future plans also call for training more field electricians to 
become infrared thermographers. 
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THE VIBRATING TRANSFORMER 


Fluke 


PROBLEM DESCRIPTION 


This case history comes from an electrical contractor. 
Several of this contractor’s clients operate large commercial 
buildings. One of these clients asked for help with a large trans- 
former that had suddenly started vibrating and making a loud 
buzzing sound. The client was concerned that the transformer 
was ready to fail and he would be faced with an expensive 
replacement. The contractor dispatched an engineer at once. 

When the engineer arrived at the plant, he took out his 
notebook and his Fluke 43B. He then made the following notes 
and one line diagram: 

Transformer size: 1500 kVA 

Transformer configuration: Delta/wye, 480 V 3-phase 
secondary 

Secondary load: Motors, lighting, and office machines 
for a large office building 

[Note: The client says the transformer is lightly loaded 
because many of the tenants have recently moved to a new loca- 
tion. | 


MEASUREMENT DATA 


The engineer recorded the following data using the Fluke 
43B: 

Secondary voltage total harmonic distortion: 2.7% 

Secondary voltage balance: within 1% 

Secondary current: 57 A rms 

Secondary current spectrum: 

Fundamental 55 A 

2nd harmonic 1.6 A 

3rd harmonic 2.5 A 

4th harmonic 0.7 A 

Sth harmonic 2.4 A 

6th harmonic 0.4 A 

7th harmonic 4.0 A 


1500 kVA 


Utility i | 


217/480 








Lighting 


' Motors 


120/208 { as 
ne ~ Receptacles 


Fig. 1 Partial one-line diagram of large commercial building 


THEORY AND ANALYSIS 


The voltage measurements do not show anything abnor- 
mal. 

The voltage total harmonic distortion is well within the 
maximum allowable value of 5%. Voltage balance between 
phases also looks good. The secondary current of 57 A indicates 
the client was correct in stating the transformer was lightly 
loaded. No overheating was noted. 

When a transformer is in trouble, this contractor’s engi- 
neers always use a Fluke 43B to measure the harmonic spec- 
trum of the secondary current. The spectrum acts like a finger- 
print, indicating the types of loads present. In this case, the pres- 
ence of the 3rd harmonic shows that part of the load consists of 
single-phase devices (e.g., fluorescent lighting ballasts) con- 
nected phase to neutral. In the data, the amount of the 3rd har- 
monic is relatively low and appears to be normal. 

The 5th and 7th harmonics indicate that part of the load 
is a large 3-phase device with semiconductor rectifiers in the 
input circuit. The most common example would be an 
adjustable speed motor drive operating a fan or pump. When a 
3-phase motor drive is operating normally, the input current 
waveforms are symmetrical about zero. That is, the positive 
going portion of the waveform looks like the mirror image of 
the negative portion. When all semiconductors are operating 
normally, the input currents have no DC offset and only odd har- 
monics are present. 


HARMOKICS 





1 5 13 17 21 25 29 33 37 41 45 49 





Fig. 3 Example of an abnormal current spectrum with both odd and even harmonics 
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The engineer noted that the spectrum had even harmon- 
ics (2nd, 4th, and 6th). These abnormal harmonics indicate the 
presence of DC current in the transformer secondary winding. 
Compare the example spectrums in Fig. 2 and Fig. 3. 

Unfortunately, DC current tends to saturate the trans- 
former core at the peak of one half of the AC waveform. When 
the core goes in and out of saturation, it will vibrate and make a 
loud buzzing noise. 

The engineer suspected that the plant load contained a 
large motor drive and that one of the input semiconductors had 
failed to open. If one semiconductor is open, the circuit on that 
phase becomes a half-wave rectifier — it produces DC current. 
The trick here is that the motor drive will continue to operate at 
low speed because the other two phases are operating normally. 


SOLUTION 


The engineer asked if any large motor drives were oper- 
ating. The plant manager confirmed that one large drive was 
operating a ventilation fan. 

The engineer instructed the plant manager to have the 
drive shut off. When the drive was shut off, the transformer 
immediately stopped vibrating. 
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TRANSFORMER/LINE LOSS CALCULATIONS 


Schneider Electric 


OVERVIEW 


Loss Compensation is used when a meter’s actual loca- 
tion is different from the electrical location where change of 
ownership occurs; for example, where meters are connected on 
the low-voltage side of power transformers when the ownership 
change occurs on the high-side of the transformer. This physical 
separation between meter and actual billing point results in 
measurable losses. Compensating for this loss - Loss 
Compensation - is the means of correcting this meter reading. 

Losses may be added to or subtracted from the meter reg- 
istration. 

Meters are usually installed on the low-voltage side of a 
transformer because it is more cost-effective. There are also 
cases where change of ownership may occur halfway along a 
transmission line where it is impractical to install a meter. In this 
case, power metering must again be compensated. 


LINE LOSS AND TRANSFORMER LOSS AFTER THE PCC 


The PCC (Point of Common Coupling) is the interchange 
point between the distribution grid and a particular customer. 
Unlike losses that occur within a transmis- 


sion/distribution network, which cannot be  Pioss—to, = (P 
allocated to a single customer and must be 

rolled into the per-unit cost of electricity, loss- 

es that occur after the PCC can be measured = oss— toi 


and allocated accordingly. 


Element | Definition 


| Per unit length resistance 











i | Per unit length reactance 
| | Total length in units 
R | Resistive component 
Z | Impedance 
| 
| : 
Pina | Active power loss 
X | Reactive component 
Qi ass | Reactive power loss 


lass—a 


= (Qhass =4 T Qhoss =li T ie A. = 


CAUSES OF LINE LOSS 


Line Losses are a result of passing current through an 
imperfect conductor such as copper. The conducting material 
has characteristic impedance that produce, a voltage drop along 
the line proportional to the current flow. The total line imped- 
ance can be determined from the elements on the presious chart: 


The resistive component (R) of the impedance (Z) con- 
tributes to active power losses (Ploss), while the reactive com- 
ponent (X) contributes to reactive power losses (Qloss). 

The line-losses can be calculated based on the measured 
current load as: 


LLW = P,,.. = I» (1xt x1) xR (1) 


LLV = Qioss = 1x (Ix *xL) =P xx (2) 


For a 3-phase system, the losses for each phase are calcu- 
lated separately according to the measured current as: 
+P t Phoge—v) = (I, xR, +1, x R+ D Ro) (3) 


loss=b 


M IXA X FL aX) (4) 


E 


If we assume that the per-phase impedance is similar and 
use the average impedance, the equation simplifies to: 


E th +L.) 5 
LLW = Pioss -avg 2+. = Tave* R (9) 
3 
G74 (7474 
LLV = Olose=-ave <== A = tA = ave X (9) 


CAUSES OF TRANSFORMER LOSS 


Power transformer losses are a combination of the power 
dissipated by the core’s magnetizing inductance (Iron loss) and 
the winding’s impedance (Copper loss). 

Iron losses are a function of the applied voltage and are 
often referred to as “noload losses” - they are induced even 
when there is no load current. Copper losses are a function of 
the winding current and are often referred to as “load losses”. 

These losses are calculated for any operating condition if 
a few parameters of the power transformer are known. The 
transformer manufacturer commonly provides this information 
on the transformer test sheet: 

e rated total kVA of the power transformer (VAT Xtest). 

e rated voltage of the power transformer (VTXtest). 
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e No-load test watts (LWFeTXtest) - the active power 
consumed by the transformer’s core at the rated voltage with no 
load current (open circuit test). 

e Full-load test watts (LWCuTXtest) - the active power 
consumed by the transformer’s windings at full load current for 
rated kVA (short circuit test). 

e %Excitation current - ratio of No-load test current (at 
rated voltage) to full load current. 

e % Impedance - ratio of Full-load test voltage (at rated 
current) to rated voltage. 

The No-Load and Full-Load VAR losses (LVFeTXtest 
and LVCuTXtest) may not be provided, but are calculated from 
the above data. 








| E % Excitation? 1 
LVF Oryx rest > Cae i el z. UWFe kien? 
= 
Ft í seimpecancey 4 e 3 
LVCUry ies: (VArxtest * 100 (LWCupytest) 


To determine the actual transformer losses, the test loss- 
es must be scaled for use at the actual operating voltage and cur- 
rent. 


LWFe = LWFeryrest | 


«| oF 
ia 
actual 


V rxtest 


i TA fi g 
= LWCuryiese t] tió 


LWCu 
ixtear 








Power Transformer Wiring 


LOSS COMPENSATION IN ION METERS (metered side) 


ION meters that support loss compensa- 
tion in their default framework are the 
ION8300/ION8400/ION8500 and the 
ION7550 and ION7650 meters. For informa- 
tion about Loss Compensation in the ION7700 
and ION7300 series, please contact Schneider 


3-Wire WYE 
Electric. 

The meters have the following 
Transformer and Line Loss Compensation fea- 
tures: 


e Compensation performed on |-second total power (kW 
total, KVAR total, and kVA total). 

e Unbalanced loads are handled accurately (except in the 
case of line-loss of neutral conductor in a 4-Wye system). 

e Losses may be added or subtracted. 

e Compensation works in all four power quadrants. 

e Compensation is available in TEST mode. Support for 
compensation on singlephase test sets is also available in TEST 
mode. 

e Compensation works correctly when all revenue param- 
eters are reported in secondary units (meter units). 

By default, the ION8300/ION8400/ION8500 and the 
ION7550 and ION7650 meters come configured to provide the 
following compensated registers: 

For Total kW, Total KVAR, and Total kVA quantities: 


ee à Yactuat 
(?) LVFe = LV Fryen or mM 


Lait? 
LVCu = LVCUpyese * (Se) 


3-Wire Closed Delta 
4-Wire WYE (3 element) 


4-Wire WYE (2' element)’ 
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e Real-time power 

e Demand: Thermal and Block 

e Calibration Pulsers 

e Min/Max 

For Total kWh, Total kVARh, and Total kVAh quantities: 

e Energy 

e Interval Energy 

e Energy in Test Mode 

e Energy for each TOU rate 

The ION8300/ION8400/ION8500 and the ION7550 and 
ION7650 offer two possible loss calculation methods. One must 
be selected when Loss Compensation is enabled: 

e Test Sheet (Method 1) 

e % Loss Constants (Method 2) 

Both methods are based on the same calculations and 
produce identical results if the correct input parameters are pro- 
grammed into the meter. The difference between these methods 
is in the type of parameters required to perform the loss calcu- 
lations. 

To simplify verification in Method 2, the user is required 
to calculate the parameters in advance. 


CAUTION 


Due to the variation in installations, advanced knowledge 
of power systems and connection methods is required before 
transformer loss compensation can be properly implemented. 
Data parameters should only be pro- 
grammed by qualified personnel that 
have appropriate training and experience 
with Transformer Loss Compensation 
) 2 calculations. 

(12) 


(11) 
VirKxXtest 


Lr xtest’ 


| 10N8300/I0N8400/ 
ION8500 Volts Mode 


1ON7550, |ION7650 
Meters Volts Mode 


| 358 

| 9S 4-Wire WYE 

| 365 3-Wire WYE 

| 98 | 3.Wite WYE | 


* V2 values are only accurate for balanced loads. 


SUPPORTED TLC CONFIGURATIONS 


When compensation is enabled, the meter calculates 
transformer and line loss based on a set of input parameters. 
These parameters determine whether the meter adds or subtracts 
the losses from the measured power. Compensation can be 
enabled using either the Vista component of ION Enterprise or 
ION Setup. 


CONFIGURING LOSS COMPENSATION USING VISTA 


Click the Loss Compensation button in the Revenue 
screen to access the Loss 

Compensation screen: 

1. Launch Vista. 

2. In the User Diagram screen that appears, click the 
Revenue button. 
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3. Click the Loss Compensation button. The following appropriate meter. 
window appears (the screen for ION8300/ION8400/ION8500 2. Double-click the Setup Assistant and select the 


Loss Compensation is shown below): 


Click here to enable 


Loss Compensation 
calculations 





Loss Sap Rahwasis 5 


(~ Loss Gerfipensation Disabled a 


@ iess Compensation Enabled g —+p C Roe 


(click boxes, enter value and then press the Enter key) 


4. Configure your values as required. 

For a detailed explanation of values and their 
calculations, see “Loss Compensation Input 
Parameters”. 


CONFIGURING LOSS COMPENSATION USING ION SETUP 


1. Log on to ION Setup and connect to the 
appropriate meter. 

2. Double-click the Setup Assistant and navi- 
gate to the Revenue > Transformer 

Loss screen. 

3. Click the Method Selection tab to select 
how Transformer Loss information is entered. 

4. Click either the %Loss Constant or the Test 
Sheet tabs (depending on your selected calculation 
method) and configure the value settings. 


SINGLE-PHASE TESTING IN ION SETUP 


You can also test Transformer Line Loss with 
a single-phase source. To test with single-phase in 
ION Setup: 

1. Log on to ION Setup and connect to the 


These are the true instrument 
transformer ratios. Normally 
they coincide with the Power 
Meter module's setup. 








Verification screen. 












Choose either the Test 
Sheet or %Loss Constants 
compensation method 





“ Motel 


If Loss Compensation is enabled, all billing parameters 
arè compensated, 



























Enable your Loss Compensation 
from this tab. Choose either the 
"Test Sheet" or YoLoss 
Compensation” method. 







Use these tabs to occess and set the 
parameters of the Loss 
Compensation method you require. 







Comp Enble Comp Enabled 
Comp Mthod Set Test Sheel 
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3. Select Test Mode and click Display. 

A window appears informing you the meter is now in test 
mode. 

4. Select Volts, Amps and Power. 

5. Click Loss Mode and select Single Phase. 

6. In the Setup Assistant screen, navigate to Revenue > 
Transformer Loss and set your loss parameters. 


LOSS COMPENSATION INPUT PARAMETERS 


Depending on the method chosen for Transformer Loss 
Compensation, the meter requires specific data parameters to be 
programmed into the meter. The data for each method is listed 
below. All parameters can be programmed into the meter using 
ION software. 

The following is a detailed description of the input 
parameters required by both methods. 


INPUT PARAMETERS FOR METHOD 1: “TEST SHEET” 


Line losses and transformer losses are calculated sepa- 
rately and applied to the measured power, energy and demand 
quantities based on the location of the meter with regards to the 
power transformer, supply-side line and load-side line. 

All parameters required for this method can be obtained 
from the transformer and line manufacturer. 

The same unit of length (meter or foot) must be used for 
all parameters. 


Line loss calculation parameters: 


s : Voltage on supply side 
Power Transformer Ratio = | ) 


© Voltage on load side / 


The value of Power Transformer Ratio will be less than 1 
for generation applications. If there is no power transformer 
used, set this value to 1. 


For the line on the supply side (SY) of the transformer: 


F 


Resistance/Unit length i in [Qm] or [Oft] 
Igy 


x) in [Qm] or [A/A] 


Reactance/Unit length ( i 


Line length, in [m] or [ft] 


For the line on the load side (LD) of the transformer: 


Resistance/Unit length | in [€2/m] or [7ft] 


r 
lld 


Rėactance/Unit length = in [€2/m] or [Rf] 


Line length,, in [m] or [ft] 
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ION meters then calculate the line losses as: 


LLW[W] = Pave” x Line Length x 3 (13a) 


LLV[VAR] = Payg * h x Line Length x 3 (13b) 


These calculations are performed separately for the sup- 
ply side part of the line and the load side part. 


TRANSFORMER LOSS CALCULATION PARAMETERS: 


When this method is selected, then the following power 
transformer and line data is programmed into the meter: 

e Rated power transformer voltage (VLL on metered-side 
of Power Transformer) 

e Rated power transformer kVA 

ePower transformer ratio 
Side/Voltage on Load Side) 

e No-load iron test loss watts 

e Full-load copper test loss watts 

e Percent exciting current 

e Percent impedance 

e Line length of load-side and supply-side line 

e Resistance and reactance per unit length for both lines 

e Instrument transformer ratios (VTR, CTR) 

e Information about the location of the meter with regards 
to the power transformer, supply-side line and load-side line 

The iron and copper losses are then calculated using 
equations 7 to 12, based on the measured load current and volt- 
age. 


(Voltage on Supply 


LINE LOSS AND TRANSFORMER LOSS COMPENSATION 


Once the losses are calculated, you can add or subtract 
losses from the measured active and reactive power values in 
real-time. 


Metering Location Parameters: 

e MP Definition 1 

This parameter indicates if the power monitor (metering 
point) is installed on the supply side of the transformer or the 
load side. 

e MP Definition 2 

This parameter indicates if the power monitor (metering 
point) is installed on the transformer end of the line or on the far 
end. 


USE CASES: METERING POINT & BILLING POINT 
LOCATIONS 


The following diagram outlines the possible locations of 
the billing points (BP) and metering points. 

Some scenarios involve energy delivered from generator 
to the Utility, and others from the Utility to the customer. 

The following examples show how the location of the 
power monitor and the billing point affect the calculation of 
compensated power values. 
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Adding Line Losses: 

Line losses are added to the delivered power and energy 
quantities. Set the loss calculation parameters in the meter as 
follows: 


Leave all other parameters at their default settings. 


Subtracting Line Losses: 

Change MP Definition 2 to “Transformer Side” so that 
the line losses are subtracted from the power and energy quan- 
tities. 
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Customer 








BP = Billing Point 





Setting 
= Load Side 
= Not Transformer Side 
= enter Instrument Transformer data 
= enter Instrument Transformer data 
= enter resistance in [Q/m] or [©/ft] 
= enter reactance in [A/m] or [Q/ft] 


= enter line length in [m] or [ft] 


Billing Point 





Line Losses subtracted from 
power and energy quantities. 
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Adding Transformer Losses: 

Transformer losses are added to power and energy quan- 
tities. The loss calculation parameters in the meter should be set 
as follows: 
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Subtracting Transformer Losses: 
Change MP Definition 1 to “Supply Side” so 
that transformer losses are subtracted from the power 


and energy quantities. 


Parameter Setting 

MP Definition 1 = Load Side 

MP Definition 2 = Transformer Side 

PT ratio = enter Instrument Transformer data 
CT ratio = enter Instrument Transformer data 
Vll ated = enter Transformer data 

LWFejecy = enter Transformer data 

LW Ciest = enter Transformer data 
YoExcitation = enter Transformer data 
Yolmpedance = enter Transformer data 


Leave all other parameters at their default settings. 
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LINE LOSS AND TRANSFORMER LOSS 


Leave all other parameters at their default settings. To 





Utility 





Customer 


Adding Line & Transformer Losses: ignore load-side or supply-side line losses, set the correspon- 
The transformer and line losses are added to measured ding length to zero. 
power and energy values. Set the meter’s loss calculation 


parameters to: Subtracting Line & Transformer Losses: 


Change the MP Definition 1 


Parameter Setting to “Supply Side” (see list of 

MP Definition 1 =, | EENT Parameters and Settings) so that 
losses are subtracted from power 

MP Definition 2 = Not Transformer Side and energy quantities. 

PT ratio = enter Instrument Transformer data INPUT PARAMETERS FOR 

CT ratio = enter Instrument Transformer data PU ase CONTANT 


Power Transtormer Ratio = 


(Voltage on Supply Side/ Voltage on Load Side) 


When using this method in 
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This method allows you to enable or disable iron and 
copper loss calculations separately. When this method 1s select- 
ed, the following data must be programmed into the meter: 

e Percent iron Watt loss constant (%LWFe)* 

e Percent copper Watt loss constant (%LWCu)* 

e Percent iron VAR loss constant (%LVFe)* 

e Percent copper VAR loss constant (%LVCu)* 

e Instrument transformer ratios (VTR, CTR) 

e Rated meter voltage (VMrated) 

e 1/2 Class meter current (1/2IMrated) 

e Number of stator elements (2 for Delta connections, 3 
for WYE) 

* If you want the losses to be subtracted from Delivered 
Energy, enter negative values for the percent loss constants. 


The field “# stator elements” indicate the number of 


metering elements to configure for transformer loss compensa- 
tion: 


ION8300/ 


18400 ION7550, ION7650 
1ON8400/ Meters Number of stator elements 
ION8500 Volts Volts Mod 
Mode 2 - 
Delta 2 
4-Wire WTE 3 


3-Wire WYE 





These are the values you program into the ION meter. To 
properly implement Transformer Loss Calculations using 
Method 2, you must calculate constants using the following 
relationships. See “Appendix A: Glossary” and ensure you fully 
understand the terms used below. Failure to calculate exactly as 
outlined below will result in incorrect readings. 


PERCENT-LOSS CONSTANT CALCULATIONS 






Both L-L, or both L-N 


LWFe T Ae 
x TXtest 






W 
TX test 
%LWFe = 100% 
s x v Class System VA å i 
Both L-L, or both L-N 
Y x VTR44 
Mrated 
LVFe-<-;.. «| na 
%LVFe = kiitos x 100% 
v Class System VA 
7 “al ctass * CTR 
LWCurytest n l [oe l $ LLW Mclass 
wLWCu = x 100% 


v2 Class System VA 


O CAlactass * CTR) x Total System Resistance 


ü 
va Class System VA aiiis 
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System Resistance and System Reactance include both 
transformer and line impedance. 


4] x CTR72 
-*Melass | 
LVCUrxtest x | l. | LLW Mclass 
rXtest 


%LVCu = 
A . %2 Class System VA 


x 100% 


(Yl \ojgcs * CTRY = Total System Reactance 
OM 
və Class System VA 


LOSS CALCULATIONS IN ION METERS 


ION meters use these constants to calculate the losses as 
follows: 


oy | Vi) 2 
LWFe= HLWFe x % Class System VA x | 2t (19) 
100 ; Vv 
Mrated 
of, ; Var 4 
LVFe= ALVEE x Va Class System VA x SELL (20) 
100 ` V 
Mrated 
0 F aen 14 
LWCu= PLW x y2 Class System VA x Faai (21) 
100 Val 
~Melass 
by, | orate 2 
LV Cux 224 5% Class System VA'x re (22) 
100 al Mclass 


Important Note for Percent-Loss Loss Equations (14- 
17) and Power Loss Equations (19 - 22) 

Because the meter’s first step in its “Loss Calculations” 
computation is to cancel out the “1/2 Class System VA” value, 
the “1/2 Class System VA” value that is used in the “Percent- 
Loss Constant Calculations” on page 16 must be calculated 
exactly as outlined in equation 18 (above). If the “1/2 Class 
System VA” value is not what the meter expects, the two terms 
will not fully cancel out. This will result in incorrect loss calcu- 
lations. 
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APPENDIX A: GLOSSARY 


This glossary describes the electrical parameters used in 
both compensation methods. 


Appendix A: Glossary 


This glossary describes the electrical parameters used in both compensation 
methods. 








Term Definition 

Virated Rated line-to-line Voltage of the Power Transformer on the metered side. This 

(= Vixtest) value must be entered in primary units as it is given in the transformer test sheet. 
Often the rated voltage and test voltage are the same. 

lTYtest Rated current of the Power Transformer on the metered side (=average line 
current). 

v2Class System VA = VMrated * lMelass * (# Meter Stator Elements) x VTR x CTR 

VArTxtest Rated kVA of the Power Transformer from the test sheet. 

LWFepytest No Load Test Iron Watt Loss (= Iron Watt Loss at rated power transformer 
voltage). 

LWCurxtest Full Load Test Copper Watt Loss (= Copper Watt Loss at rated power transformer 
current). 

LVFery jist No Load Test Iron VAR Loss (= Iron VAR Loss at rated power transformer 
voltage). 

LVCurt x test Full Load Test Copper VAR Loss (= Copper VAR Loss at rated power transformer 
current) 

YoExcitation Power Transformer No Load test current as a percentage of the rated transformer 
current. 

Yolmpedance Power Transformer Full Load test voltage as a percentage of the rated 
transformer voltage. 

PT ratio (or VT ratio) Voltage Instrument Transformer ratio. — 

CT ratio Current Instrument Transformer ratio. an 

Line length SY Power Line length on the supply side of the power transformer. 

Line length LD Power Line length on the load side of the power transformer. 

réi, Supply side power line resistance per unit length. 

rliy Load side power line resistance per unit length. 

K/L. Supply side power line reactance per unit length. 

xla Load side power line reactance per unit length. 


MP Definition 1 


This parameter indicates if the power monitor is installed on the supply side ot 
the transformer or the load side. 


MP Definition 2 This parameter indicates if the power monitor is installed on the transtormer end 
of the line or on the far end. 
YoL.W Fe Percent of measured Watts lost in the system due to the magnetizing inductance 


of power transformer. 
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%eLWCu Percent of measured Watts lost in the system due to impedance in lines and 
windings. 

“oL.VFe Percent of measured VARs lost in the system due to the magnetizing inductance 
of power transformer. 

%LYVCu Percent of measured VARs lost in the system due to impedance in lines and 


windings. 
System Resistance Sum of power transformer and line resistance on all phases. 


System Reactance Sum of power transformer and line reactance on all phases. 


V Mrated Nominal meter input voltage. This is the value used in the calculation of the 
(Rated Meter Voltage) Percent Iron Loss constants. The rated meter voltage will be a line-to-neutral 
voltage for 3 element metering and a line-to-line voltage for 2 element metering. 
The Rated Meter Voltage must be entered in meter units (= unscaled). 
Vol arated Half the value of the certified meter class current. This value has to match the 
(44 Class Meter value used in the calculation of the Percent Loss Constants. 
Current) 


# of Stator Elements Number of measuring elements used in the meter. This number is determined by 
the form factor of the power monitor. 9S meters for example in a 4 wire 


application use 3 elements. 35S meters used for 3 wire applications use 2 


elements. 
LLVyictass Line loss VARs at the meter’s 2 class current. 
LLWwiclass Line Loss Watts at the meter’s 2 class current. 


APPENDIX B: LOSS COMPENSATION FRAMEWORKS 
METHOD 1: “TEST SHEET” 


The following screen capture shows the view of this 
framework in Designer: 

On the left side are the External Numeric and External 
Boolean modules that are used to enter transformer and line data 
for the loss calculations. The Arithmetic modules perform the 


















actual calculations. 

Before the transformer and line data is passed into the 
Arithmetic modules that perform the loss calculations, the data 
is checked for invalid entries such as negative numbers to 
ensure that the outputs of the Arithmetic loss modules will 
always be available. 


Single-phase test option lets you use a 
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A division by “0” or a negative number in a square root 
would cause a “Not available” output on the Arithmetic mod- 
ules. 

Line loss totals must be scaled prior to final energy scal- 
ing since the line losses are I2R (measured in Watts). Note that 
there is no voltage component in this Watts measurement. 
Scaling line loss prior to final power scaling provides CT2 as a 
multiplier for line losses: 


Line Loss= [Losses in MU] x [PTR x CTR] 

j [S x CTR) xR 
PTR*xCTR 

CTR 

PTR 


|; (PTR x CTR) 





: his x Rx S| x (PTR x CTR) 


METHOD 2: “%LOSS CONSTANTS” 


The following screen capture shows the view of the 
framework in Designer: 
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On the left side are the External Numeric and External 
Boolean modules that are used to enter transformer and line data 
for the loss calculations. The Arithmetic modules perform the 
actual calculations. 


SINGLE-PHASE TESTING 


You can connect a single-phase source voltage in parallel 
and the current in series to simulate a three-phase source. Some 
ION meters automatically adjust the voltage in this test situation 
when the meter is in Test Mode and the single-phase option is 
selected. 
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THE ART & SCIENCE OF PRODUCTIVE RELAYING - 
VOLTAGE TRANSFORMERS 


C. Russell Mason, General Electric 


Two types of voltage transformer are used for protective- 
relaying purposes, as follows: (1) the “instrument potential 
transformer,” hereafter to be called simply “potential trans- 
former,” and (2) the “capacitance potential device”. A potential 
transformer is a conventional transformer having primary and 
secondary windings. The primary winding is connected directly 
to the power circuit either between two phases or between one 
phase and ground, depending on the rating of the transformer 
and on the requirements of the application. A capacitance poten- 
tial device is a voltage-transforming equipment using a capaci- 
tance voltage divider connected between phase and ground of a 
power circuit. 


ACCURACY OF POTENTIAL TRANSFORMERS 


The ratio and phase-angle inaccuracies of any standard 
ASA accuracy class1 of potential transformers are so small that 
they may be neglected for protective-relaying purposes if the 
burden is within the “thermal” volt-ampere rating of the trans- 
former. This thermal volt-ampere rating corresponds to the full- 
load rating of a power transformer. It is higher than the volt- 
ampere rating used to classify potential transformers as to accu- 
racy for metering purposes. Based on the thermal volt-ampere 
rating, the equivalent-circuit impedances of potential transform- 
ers are comparable to those of distribution transformers. 

The “burden” is the total external volt-ampere load on the 
secondary at rated secondary voltage. Where several loads are 
connected in parallel, it is usually sufficiently accurate to add 
their individual volt-amperes arithmetically to determine the 
total volt-ampere burden. 

If a potential transformer has acceptable accuracy at its 
rated voltage, it is suitable over the range from zero to 110% of 
rated less voltage. Operation in excess of 10% overvoltage may 
cause increased errors and excessive heating. 

Where precise accuracy data are required, they can be 
obtained from ratio-correction factor curves and phase-angle- 
correction curves supplied by the manufacturer. 


CAPACITANCE POTENTIAL DEVICES 


Two types of capacitance potential device are used for 
protective relaying: (1) the “coupling-capacitor potential 
device,” and (2) the “bushing potential device”. The two devices 
are basically alike, the principal difference being in the type of 
capacitance voltage divider used, which in turn affects their 
rated burden. The coupling-capacitor device uses as a voltage 
divider a “coupling capacitor” consisting of a stack of series- 
connected capacitor units, and an “auxiliary capacitor’, as 
shown schematically in Fig. 1. The bushing device uses the 
capacitance coupling of a specially constructed bushing of a cir- 
cuit breaker or power transformer, as shown schematically in 
Fig. 2. 


High -voltage 
conductor 





Auxiliary 
Capacitor 


Fig. 1 Coupling-capacitor voltage divider. 


Bushing ground 
shield 


„rm 


Fig. 2 Capacitance-bushing voltage divider. 
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Both of these relaying potential devices are called “Class 
A” devices. They are also sometimes called “In-phase” or 
“Resonant” devices for reasons that will be evident later. 

Other types of potential devices, called “Class C” or 
“Out-of-phase” or “Non-resonant”, are also described in 
References 2 and 3, but they are not generally suitable for pro- 
tective relaying, and therefore they will not be considered fur- 
ther here. 


Phase conductor 


Cı 






Protective gap 


Ce 


Ground = 





Fig. 3. Schematic diagram of a Class A potential device. 


A schematic diagram of a Class A potential device 
including the capacitance voltage divider is shown in Fig. 3. Not 
shown are the means for adjusting the magnitude and phase 
angle of the secondary voltage; the means for making these 
adjustments vary with different manufacturers, and a knowledge 
of them is not essential to our present purposes. 





= 


Fig. 4 Equivalent circuit of a Class A potential device. 


57 


The Class A device has two secondary windings as 
shown. Both windings are rated 115 volts, and one must have a 
66.4-volt tap. These windings are connected in combination 
with the windings of the devices of the other two phases of a 
three-phase power circuit. The connection is “wye” for phase 
relays and “broken delta” for ground relays. These connections 
will be illustrated later. The equivalent circuit of a Class A 
device is shown in Fig. 4. The equivalent reactance XL, is 
adjustable to make the burden voltage VB be in phase with the 
phase-to-ground voltage of the system VS. The burden is shown 
as a resistor because, so far as it is possible, it is the practice to 
correct the power factor of the burden approximately to unity by 
the use of auxiliary capacitance burden. When the device is 
properly adjusted, 


Xr Xero 
Xc) +Xco 


(1) 


which explains why the term “Resonant” is applied to 
this device. Actually, XC2 is so small compared with XC1 that 
XL is practically equal to XC2. Therefore, XL and XC2 would 
be practically in parallel resonance were it not for the presence 
of the burden impedance. 

The gross input in watts from a power circuit to a capac- 
itance potential-device network is: 


W = 2nfCVsVo sin œ watts (2) 


where f = power-system frequency. 
a = phase angle between VS and V2 
C1 = capacitance of main capacitor (see Fig. 3) in farads. 


VS and V2 are volts defined as in Fig. 4. If the losses in 
the network are neglected, equation 2 will give the output of the 
device. For special applications, this relation is useful for esti- 
mating the rated burden from the known rated burden under 
standard conditions; it is only necessary to compare the propor- 
tions in the two cases, remembering that, for a given rating of 
equipment, the tap voltage V2 varies directly as the applied 
voltage VS. 

For a given group of coupling-capacitor potential 
devices, the product of the capacitance of the main capacitor C1 
and the rated circuit-voltage value of VS is practically constant; 
in other words, the number of series capacitor units that com- 
prise Cl is approximately directly proportional to the rated cir- 
cuit voltage. The capacitance of the auxiliary capacitor C2 is the 
same for all rated circuit voltages, so as to maintain an approx- 
imately constant value of the tap voltage V2 for all values of 
rated circuit voltage. 

For bushing potential devices, the value of Cl is approx- 
imately constant over a range of rated voltages, and the value of 
C2 is varied by the use of auxiliary capacitance to maintain an 
approximately constant value of the tap voltage V2 for all val- 
ues of rated circuit voltage. 


STANDARD RATED BURDENS OF CLASS A POTENTIAL 
DEVICES 


The rated burden of a secondary winding of a capacitance 
potential device is specified in watts at rated secondary voltage 
when rated phase-to-ground voltage is impressed across the 
capacitance voltage divider. The rated burden of the device is 
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the sum of the watt burdens that may be impressed on both sec- 
ondary windings simultaneously. 

Adjustment capacitors are provided in the device for con- 
necting in parallel with the burden on one secondary winding to 
correct the total-burden power factor to unity or slightly leading. 

The standard rated burdens of bushing potential devices 
are given in Table 1. 


Rated Circuit 


Voltage, kv 
. Rated Burden, 


Phase-to-Phase Phase-to-Ground watts 
115 66.4 25 
138 79.7 39 
lol 93.0 45 
230 133.0 50 
287 166.0 100 


Table 1. Rated Burdens of Bushing Potential Devices 


The rated burden of coupling-capacitor potential devices 
is 150 watts for any of the rated circuit voltages, including those 
of Table 1. 


STANDARD ACCURACY OF CLASS A POTENTIAL DEVICES 


Table 2 gives the standard maximum deviation in voltage 
ratio and phase angle for rated burden and for various values of 
primary voltage, with the device adjusted for the specified accu- 
racy at rated primary voltage. 


Primary Voltage Maximum Deviation 
‘imary Voltage, 
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EFFECT OF OVERLOADING 


As the burden is increased beyond the rated value, the 
errors will increase at about the rate shown by extrapolating the 
data of Table 3, which is not very serious for protective relay- 
ing. Apart from the possibility of overheating, the serious effect 
is the accompanying increase of the tap voltage (V2 of Fig. 4). 
An examination of the equivalent circuit, Fig. 4, will show why 
the tap voltage increases with increasing burden. It has been 
said that XL is nearly equal to XC2, and therefore these two 
branches of the circuit will approach parallel resonance as R is 
decreased (or, in other words, as the burden is increased). 
Hence, the tap voltage will tend to approach VS. As the burden 
is increased above the rated value, the tap voltage will increase 
approximately proportionally. 

The objection to increasing the tap voltage is that the pro- 
tective gap must then be adjusted for higher-than-normal arc- 
over voltage. This lessens the protection afforded the equip- 
ment. The circuit elements protected by the gap are specified to 
withstand 4 times the normal tap voltage for 1 minute. 
Ordinarily, the gap is adjusted to arc over at about twice normal 
voltage. This is about as low an arc-over as the gap may be 
adjusted to have in view of the fact that for some ground faults 
the applied voltage (and hence the tap voltage) may rise to V3 
times normal. Obviously, the gap must not be permitted to arc 
over for any voltage for which the protective-relaying equip- 
ment must function. Since the ground-relay burden loads the 
devices only when a ground fault occurs, gap flashover may be 
a problem when thermal overloading is not a problem. Before 
purposely overloading a capacitance potential device, one 
should consult the manufacturer. 

As might be suspected, short-circuiting the 
secondary terminals of the device (which is 


percent of rated Ratio, percent Phase Angle, degrees extreme overloading) will oes the gap contin- 
uously while the short circuit exists. This may not 
100 + 1.0 + 1.0 cause any damage to the device, and hence it may 
ress : . not call for fusing, but the gap will eventually be 
25 + 3.0 + 3.0 
damaged to such an extent that it may no longer 
5 + 5.0 t+5.0 protect the equipment. 


Table 2. Ratio and Phase-Angle Error versus Voltage 


Table 3 gives the standard maximum deviation in voltage 
ratio and phase angle for rated voltage and for various values of 
burden with the device adjusted for the specified accuracy at 
rated burden. 


Burden. Maximum Deviation 
percent of rated 
100 

50 


0 + 12.0 


Ratio, percent 


+ 6.0 


Table 3. Ratio and Phase-Angle Error versus Burden 


Table 3 shows that for greatest accuracy, the burden 
should not be changed without readjusting the device. 


Phase Angle, degrees 


+ 1.0 + | 


I+ 


I+ 


Even when properly adjusted, the protective 
gap might arc over during transient overvoltages 
caused by switching or by lightning. The duration 
of such arc-over is so short that it will not interfere 

with the proper operation of protective relays. The moment the 
overvoltage ceases, the gap will stop arcing over because the 
impedance of the main capacitor C1 is so high that normal sys- 
tem voltage cannot maintain the arc. 

It is emphasized that the standard rated bur- 
dens are specified as though a device were connect- 
ed and loaded as a single-phase device. In practice, 
however, the secondary windings of three devices 
l are interconnected and loaded jointly. Therefore, to 


4 determine the actual loading on a particular device 


under unbalanced voltage conditions, as when short 
S circuits occur, certain conversions must be made. 

This is described later in more detail for the broken- 

delta burden. Also, the effective burden on each 

device resulting from the phase-to-phase and phase- 

to-neutral burdens should be determined 1f the load- 
ing is critical; this is merely a circuit problem that is applicable 
to any kind of voltage transformer. 
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NON-LINEAR BURDENS 


A “non-linear” burden is a burden whose impedance 
decreases because of magnetic saturation when the impressed 
voltage is increased. Too much non-linearity in its burden will 
let a capacitance potential device get into a state of ferroreso- 
nance, during which steady overvoltages of highly distorted 
waveform will exist across the burden. Since these voltages bear 
no resemblance to the primary voltages, such a condition must 
be avoided. 

If one must know the maximum tolerable degree of non- 
linearity, he should consult the manufacturer. Otherwise, the fer- 
roresonance condition can be avoided if all magnetic circuits 
constituting the burden operate at rated voltage at such low flux 
density that any possible momentary overvoltage will not cause 
the flux density of any magnetic circuit to go beyond the knee 
of its magnetization curve (or, in other words, will not cause the 
flux density to exceed about 100,000 lines per square inch). 
Since the potential-device secondary-winding voltage may rise 
to V3 times rated, and the broken-delta voltage may rise to V3 
times rated, the corresponding phase-to-neutral and broken- 
delta burdens may be required to have no more than 1/V3 and 
1/3, respectively, of the maximum allowable flux density at 
rated voltage. 

If burdens with closed magnetic circuits, such as auxil- 
lary potential transformers, are not used, there is no likelihood 
of ferroresonance. Class A potential devices are provided with 
two secondary-windings purposely to avoid the need of an aux- 
iliary potential transformer. 

The relays, meters, and instruments generally used 
have air gaps in their magnetic circuits, or operate at low 
enough flux density to make their burdens sufficiently lin- 
ear. 


THE BROKEN-DELTA BURDEN AND THE WINDING 
BURDEN 


The broken-delta burden is usually composed of 
the voltage-polarizing coils of ground directional relays. 
Each relay’s voltage-coil circuit contains a series capaci- 
tor to make the relay have a lagging angle of maximum 
torque. Consequently, the voltage-coil circuit has a lead- 
ing power factor. The volt-ampere burden of each relay is 
expressed by the manufacturer in terms of the rated volt- 
age of the relay. The broken-delta burden must be 
expressed in terms of the rated voltage of the potential- 
device winding or the tapped portion of the winding — 
whichever is used for making up the broken-delta connec- 
tion. If the relay- and winding-voltage ratings are the 
same, the broken-delta burden is the sum of the relay bur- 
dens. If the voltage ratings are different, we must re- 
express the relay burdens in terms of the voltage rating of 
the broken-delta winding before adding them, remember- 
ing that the volt-ampere burden will vary as the square of 
the voltage, assuming no saturation. 

The actual volt-ampere burdens imposed on the 
individual windings comprising the broken-delta connec- 
tion are highly variable and are only indirectly related to 
the broken-delta burden. Normally, the three winding 
voltages add vectorially to zero. Therefore, no current 
flows in the circuit, and the burden on any of the windings 
is zero. When ground faults occur, the voltage that 
appears across the broken-delta burden corresponds to 3 
times the zero-phase-sequence component of any one of 
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the three phase-to-ground voltages at the potential-device loca- 
tion. We shall call this voltage “3V0”. What the actual magni- 
tude of this voltage is depends on how solidly the system neu- 
trals are grounded, on the location of the fault with respect to the 
potential device in question, and on the configuration of the 
transmission circuits so far as it affects the magnitude of the 
zero-phase-sequence reactance. For faults at the potential- 
device location, for which the voltage is highest, 3VO can vary 
approximately from | to 3 times the rated voltage of each of the 
broken-delta windings. (This voltage can go even higher in an 
ungrounded-neutral system should a state of ferroresonance 
exist, but this possibility is not considered here because it must 
not be permitted to exist.) If we assume no magnetic saturation 
in the burden, its maximum current magnitude will vary with 
the voltage over a 1 to 3 range. 

The burden current flows through the three broken-delta 
windings in series. As shown in Fig. 5, the current is at a differ- 
ent phase angle with respect to each of the winding voltages. 

Since a ground fault can occur on any phase, the posi- 
tions of any of the voltages of Fig. 5 relative to the burden cur- 
rent can be interchanged. Consequently, the burden on each 
winding may have a wide variety of characteristics under differ- 
ent circumstances. 

Another peculiarity of the broken-delta burden is that the 
load is really carried by the windings of the unfaulted phases, 
and that the voltages of these windings do not vary in direct pro- 
portion to the voltage across the broken-delta burden. The volt- 
ages of the unfaulted-phase windings are not nearly as variable 
as the broken-delta-burden voltage. 


System voltages 


Voltage - transformer 
secondary voltages 





No neutral shift 





Partial neutral shift 


Fig. 5. Broken-delta voltages and current for a single-phase-to-ground fault on phase a some dis- 
tance from the voltage transformer. 
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The winding voltages of the unfaulted phases vary from 
approximately rated voltage to V3 times rated, while the broken- 
delta-burden voltage, and hence the current, is varying from less 
than rated to approximately 3 times rated. 

As a consequence of the foregoing, on the basis of rated 
voltage, the burden on any winding can vary from less than the 
broken-delta burden to V3 times it. For estimating purposes, the 
V3 multiplier would be used, but, if the total burden appeared to 
be excessive, one would want to calculate the actual burden. To 
do this, the following steps are involved: 

1. Calculate 3 VO for a single-phase-to-ground fault at the 
potential-device location, and express this in secondary-voltage 
terms, using as a potential-device ratio 
the ratio of normal phase-to-ground 
voltage to the rated voltage of the bro- 
ken-delta windings. 

2. Divide 3V0 by the imped- 
ance of the broken-delta burden to get 
the magnitude of current that will cir- 
culate in each of the broken-delta 
windings. 

3. Calculate the phase-to- 
ground voltage (VbI + Vb2 + Vb0O 138 
etc.) of each of the two unfaulted phas- 16] 
es at the voltage-transformer location, 
and express it in secondary-voltage 
terms as for 3 VO. 

4. Multiply the current of (2) by 
each voltage of (3). 

5. Express the volt-amperes of 
(4) in terms of the rated voltage of the 
broken-delta windings by multiplying the volt-amperes of (4) 
by the ratio: 





Phase-to-Phase 


230 


287 


Vrated 


Voltage of 3 


It is the practice to treat the volt-ampere burden as though 
it were a watt burden on each of the three windings. It will be 
evident from Fig. 5 that, depending on which phase is ground- 
ed, the volt-ampere burden on any winding could be practically 
all watts. 

It is not the usual practice to correct the power factor of 
the broken-delta burden to unity as is done for the phase burden. 
Because this burden usually has a leading power factor, to cor- 
rect the power factor to unity would require an adjustable aux- 
iliary burden that had inductive reactance. Such a burden would 
have to have very low resistance and yet it would have to be lin- 
ear. In the face of these severe requirements, and in view of the 
fact that the broken-delta burden is usually a small part of the 
total potential-device burden, such corrective burden is not pro- 
vided in standard potential devices. 


COUPLING-CAPACITOR INSULATION COORDINATION AND 
ITS EFFECT ON THE RATED BURDEN 


The voltage rating of a coupling capacitor that is used 
with protective relaying should be such that its insulation will 
withstand the flashover voltage of the circuit at the point where 
the capacitor is connected. Table 4 lists the standard capacitor 
withstand test voltages for some circuit-voltage ratings for alti- 
tudes below 3300 feet. The flashover voltage of the circuit at the 


Rated Circuit Voltage, kv 
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capacitor location will depend not only on the line insulation but 
also on the insulation of other terminal equipment such as cir- 
cuit breakers, transformers, and lightning arresters. However, 
there may be occasions when these other terminal equipments 
may be disconnected from the line, and the capacitor will then 
be left alone at the end of the line without benefit of the protec- 
tion that any other equipment might provide. For example, a 
disconnect may be opened between a breaker and the capacitor, 
or a breaker may be opened between a transformer or an arrester 
and the capacitor. If such can happen, the capacitor must be able 
to withstand the voltage that will dash over the line at the point 
where the capacitor is connected. 


Withstand Test Voltages 


Low Frequency 


Dry Wet 
impulse, l-Min, 10-Sec, 
Phase-to-Ground ky ky ky 

66.4 550 265 230 

19,7 650 320 275 

93.0 750 370 315 

133.0 1050 525 445 
166.0 1300 655 555 


Table 4. Standard Withstand Test Voltages for Coupling Capacitors 


Some lines are overinsulated, either because they are 
subjected to unusual insulator contamination or because they 
are insulated for a future higher voltage than the present operat- 
ing value. In any event, the capacitor should withstand the actu- 
al line flashover voltage unless there is other equipment perma- 
nently connected to the line that will hold the voltage down to a 
lower value. 

At altitudes above 3300 feet, the flashover value of air- 
insulated equipment has decreased appreciably. To compensate 
for this decrease, additional insulation may be provided for the 
line and for the other terminal equipment. This may require the 
next higher standard voltage rating for the coupling capacitor, 
and it is the practice to specify the next higher rating if the alti- 
tude is known to be over 3300 feet. 

When a coupling-capacitator potential device is to be 
purchased for operation at the next standard rated circuit voltage 
below the coupling-capacitator rating, the manufacturer should 
be so informed. In such a case, a special auxiliary capacitor will 
be furnished that will provide normal tap voltage even though 
the applied voltage is one step less than rated. 

This will give the device a rated burden of 120 watts. If 
a special auxiliary capacitor were not furnished, the rated bur- 
den would be about 64% of 150 watts instead of 80%. The fore- 
going will become evident on examination of equation 2 and on 
consideration of the fact that each rated insulation class is 
roughly 80% of the next higher rating. 

The foregoing applies also to bushing potential devices, 
except that sometimes a non-standard transformer unit may be 
required to get 80% of rated output when the device is operat- 
ing at the next standard rated circuit voltage below the bushing 
rating. 
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COMPARISON OF INSTRUMENT POTENTIAL TRANSFORM- 
ERS AND CAPACITANCE POTENTIAL DEVICES 


Capacitance potential devices are used for protective 
relaying only when they are sufficiently less expensive than 
potential transformers. Potential devices are not as accurate as 
potential transformers, and also they may have undesirable tran- 
sient inaccuracies unless they are properly loaded. When a volt- 
age source for the protective relays of a single circuit is 
required, and when the circuit voltage is approximately 69 kv 
and higher, coupling-capacitor potential devices are less costly 
than potential transformers. Savings may be realized somewhat 
below 69 kv if carrier current is involved, because a potential 
device coupling capacitor can be used also, with small addition- 
al expense, for coupling the carrier-current equipment to the cir- 
cuit. Bushing potential devices, being still less costly, may be 
even more economical, provided that the devices have suffi- 
ciently high rated burden capacity. However, the main capacitor 
of a bushing potential device cannot be used to couple carrier- 
current equipment to a power circuit. When compared on a dol- 
lars-per-volt-ampere basis; potential transformers are much 
cheaper than capacitance potential devices. 

When two or more transmission-line sections are con- 
nected to a common bus, a single set of potential transformers 
connected to the bus will generally have sufficient capacity to 
supply the protective-relaying equipments of all the lines, 
whereas one set of capacitance potential devices may not. The 
provision of additional potential devices will quickly nullify the 
difference in cost. In view of the foregoing, one should at least 
consider bus potential transformers, even for a single circuit, if 
there is a likelihood that future requirements might involve 
additional circuits. 

Potential transformers energized from a bus provide a 
further slight advantage where protective-relaying equipment is 
involved in which dependence is placed on “memory action” for 
reliable operation. When a line section protected by such relay- 
ing equipment is closed in on a nearby fault, and if potential 
transformers connected to the bus are involved, the relays will 
have had voltage on them before the line breaker was closed, 
and hence the memory action can be effective. If the voltage 
source is on the line side of the breaker, as is usually true with 
capacitance potential devices, there will have been no voltage 
on the relays initially, and memory action will be ineffective. 
Consequently, the relays may not operate if the voltage is too 
low owing to the presence of a metallic fault with no arcing, 
thereby requiring back-up relaying at other locations to clear the 
fault from the system. However, the likelihood of the voltage 
being low enough to prevent relay operation is quite remote, but 
the relays may be slow. 

Some people object to bus potential transformers on the 
basis that trouble in a potential transformer will affect the relay- 
ing of all the lines connected to the bus. This is not too serious 
an objection, particularly if the line relays are not allowed to trip 
on loss of voltage during normal load, and if a voltage-failure 
alarm is provided. 

Where ring buses are involved, there is no satisfactory 
location for a single set of bus potential transformers to serve 
the relays of all circuits. In such cases, capacitance potential 
devices on the line side of the breakers of each circuit are the 
best solution when they are cheaper. 


THE USE OF LOW-TENSION VOLTAGE 


When there are step-down power transformers at a loca- 
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tion where voltage is required for protective-relaying equip- 
ment, the question naturally arises whether the relay voltage can 
be obtained from the low-voltage side of the power transform- 
ers, and thereby avoid the expense of a high-voltage source. 
Such a low-voltage source can be used under certain circum- 
stances. 

The first consideration is the reliability of the source. If 
there is only one power transformer, the source will be lost if 
this power transformer is removed from service for any reason. 
If there are two or more power transformers in parallel, the 
source is probably sufficiently reliable if the power transform- 
ers are provided with separate breakers. 

The second consideration is whether there will be a suit- 
able source for polarizing directional-ground relays if such 
relays are required. If the power transformers are wye delta, 
with the high-voltage side connected in wye and the neutral 
grounded, the neutral current can be used for polarizing. Of 
course, the question of whether a single power transformer can 
be relied on must be considered as in the preceding paragraph. 
If the high-voltage side is not a grounded wye, then a high-volt- 
age source must be provided for directional-ground relays, and 
it may as well be used also by the phase relays. 

Finally, if distance relays are involved, the desirability of 
“transformer-drop compensation” must be investigated. This 
subject will be treated in more detail when we consider the sub- 
ject of transmission-line protection. 

The necessary connections of potential transformers for 
obtaining the proper voltages for distance relays will be dis- 
cussed later. Directional-overcurrent relays can use any conven- 
tional potential-transformer connection. 





Hy A 






aig 


Instantaneous 


H3 a+] 
direction of ovest 
current flow Xi voltages 

X2 


Fig. 6. Significance of potential-transformer polarity marks. 


POLARITY AND CONNECTIONS 


The terminals of potential transformers are marked to 
indicate the relative polarities of the primary and secondary 
windings. Usually, the corresponding high-voltage and low- 
voltage terminals are marked “H1” and “X1,” respectively (and 
“ YI” for a tertiary). In capacitance potential devices, only the 
X1 and Y1 terminals are marked, the H1 terminal being obvious 
from the configuration of the equipment. 

The polarity marks have the same significance as for cur- 
rent transformers, namely, that, when current enters the H1 ter- 
minal, it leaves the X1 (or Y1) terminal. The relation between 
the high and low voltages is such that X1 (or Y1) has the same 
instantaneous polarity as H1, as shown in Fig. 6. Whether a 
transformer has additive or subtractive polarity may be ignored 
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because it has absolutely no effect on the connections. 

Distance relays for interphase faults must be supplied 
with voltage corresponding to primary phase-to-phase voltage, 
and any one of the three connections shown in Fig. 7 may be 
used. Connection A is chosen when polarizing voltage is 
required also for directional ground relays; this will be dis- 
cussed later in this chapter. The equivalent of connection A is 
the only one used if capacitance potential devices are involved. 
Connections B and C do not provide means for polarizing direc- 
tional-ground relays; of these two, connection C is the one gen- 
erally used because it is less expensive since it employs only 
two potential transformers. The burden on each potential trans- 
former is less in connection B, which is the only reason it would 
ever be chosen. 





Fig. 7. Connections of potential transformers for distance relays. 


The voltages between the secondary leads for all three 
connections of Fig. 7 are the same, and in terms of symmetrical 
components are: 


Vab = Va — Vp 
Val + Va2 + Vao — Vor — Vb2 — Vbo 
= (l- a°) Vai + (1-a) Va? 


È + jf 3/2) Va + È -jy 3/2) Va 


Similarly, 


Il 


(1—a*) Va + (1-a) Vig 


Il 


z 
be 


a*(1—a*) Vy +a(l-a) Vp 


(a? —a) Va + (a- a?) Va9 


ll 


“IV 3 Val +r 3 Va? 
Vea = (1—a*) Va + (1-a) Vo 


ll 


a(1—a*) Vy + a*(1—a) Vp 


(a—1) Va + (aê —1) Vag 


a. 7 : ae 7 
T w + jr 3/2) Val + CŽ- jn) 32) Va? 
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LOW-TENSION VOLTAGE FOR DISTANCE RELAYS 


The potential transformers must be connected to the low- 
voltage source in such a way that the phase-to-phase voltages on 
the high-voltage side will be reproduced. The connection that 
must be used will depend on the power-transformer connec- 
tions. If, as is not usually the case, the power-transformer bank 
is connected wye-wye or delta-delta, the potential transformer 
connections would be the same as though the potential trans- 
formers were on the high-voltage side. Usually, however, the 
power transformers are connected wye-delta or delta-wye. 

First, let us become acquainted with the standard method 
of connecting wye-delta or delta-wye power transformers. 
Incidentally, in stating the connections of a power-transformer 
bank, the high-voltage connection is stated 
first; thus a wye-delta transformer bank has 
its high-voltage side connected in wye, etc. 
The standard method of connecting power 
transformers does not apply to potential 
transformers (which are connected as 
required), but the technique involved in 
making the desired connections will apply 
also to potential transformers. 

The standard connection for power 
transformers is that, with balanced three- 
phase load on the transformer bank, the cur- 
rent in each phase on the high-voltage side 
C will lead by 30° the current in each corre- 
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HV 
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Fig. 8. Three-phase voltages for standard connection of power transformers. 
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Fig. 9. Numbering the ends of the transformer windings preparatory to making three-phase 
connections. 
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sponding phase on the low-volt- 
age side. Also, the no-load phase- 
to-phase voltages on the high- 
voltage side will lead the corre- 
sponding low-voltage phase-to- 
phase voltages by 30°. For this to 
be true, the three-phase voltages 
must be as in Fig. 8, where a’ cor- 
responds to a, b’ to b, and c’ to c. 
The numbers on the voltage vec- 
tors of Fig. 8 designate the corre- 
sponding ends of the transformer 
windings, 1-2 designating the pri- 
mary and secondary windings of 
one transformer, etc. Now, con- 
sider three single-phase trans- 
formers as in Fig. 9 with their pri- 
mary and secondary windings 
designated 1-2, etc. If we assume 
that the transformers are rated for 
either phase-to-phase or phase-to 
ground connection, it is only nec- 
essary to connect together the 
numbered ends that are shown 
connected in Fig. 8, and the con- 
nections of Fig. 10 will result. 
We can now proceed to 
examine the connections of 


c' b' 


Wye -deita 


Fig. 10. Interconnecting the transformers of Fig. 9 according to Fig. 8 to get standard connections. 





potential transformers on the low-voltage side that are used for 
the purpose of supplying voltage to distance relays. Figure 11 
shows the connections if the power transformers are connected 
wye-delta. Figure 12 shows the connections if the power trans- 


formers are connected delta-wye. 

For either power-trans- 
former connection, the phase-to- 
phase voltages on the secondary 
side of the potential transformers 
will contain the same phase- 
sequence components as those 
derived for the connections of Fig. 
7, if we neglect the voltage drop 
or rise owing to load or fault cur- 
rents that may flow through the 
power transformer. If, for one rea- 
son or another, the potential trans- 
formers must be connected delta- 
delta or wye-wye, or 1f the voltage 
magnitude is incorrect, auxiliary 
potential transformers must be 
used to obtain the required volt- 
ages for the distance relays. 

The information given for 
making the required connections 
for distance relays should be suffi- 
cient instruction for making any 
other desired connections for 
phase relays. Other application 
considerations involved in the use 
of low-voltage sources for dis- 
tance and other relays will be dis- 
cussed later. 





Hi Power transformers 
Xı 





Potential transformers 





Fig. 11. Connections of potential transformers on low-voltage side of wye-delta power transformer for use with distance relays. 
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from it. The capacitance to ground 
of interconnecting cable may also 
have a significant effect. 
The three capacitance tape 
may be connected together, and a 
special potential device may be 
connected across the tap voltage as 
| shown in Fig. 16, but the rated bur- 
Power transformers den may be less than that of Table 
x i: 









‘ Incidentally, a capacitance 

| Potential bushing cannot be wed to couple 

transformers carrier current to a line because 

, | there is no way to insert the 

required carrier-current choke coil 

in series with the bushing capaci- 

tance between the tap and ground, 

to prevent short-circuiting the out- 

b put of the carrier-current transmit- 
ter. 


PROBLEM 


1. Given a wye-delta power 
transformer with standard connec- 

@ tions. According to the definitions 
of this section, draw the connection 
diagram and the three-phase volt- 
age vector diagram for the HV and 
the LV sides, labeling the HV phas- 

es a, b, and c and the corresponding 





' = 
a’ e b LV phases a', b' and c', (1) for pos- 
Fig. 12. Connections of potential transformers on low-voltage side of delta-wye power transformer for use with dis- itive-phase-sequence voltage 
tance relays. applied to the HV side, and (2) for 
CONNECTIONS FOR OBTAINING POLARIZING VOLTAGE negative-phase-sequence voltage 
FOR DIRECTIONAL-GROUND RELAYS applied to the HV side. When positive-phase-sequence voltage 


is applied to the HV side, the phase sequence is a-b-c. 
When negative voltage is applied, there is no change in 
connections, but the phase sequence is a-c-b. 


The connections for obtaining the required polarizing 
voltage are shown in Fig. 13. This is called the “broken-delta”’ 
connection. The voltage that will appear across the terminals nm 
is as follows: 


Vim i Va + Vit Ve 
= (Vai + Vao + Vao) + (Voi + Vio + Voo) + (Va + Ve + Veo) 
= Vaio + Vbo + Veo = 3Va0 = 3 Vbo = 3 Veco 


In other words, the polarizing voltage is 3 times the zero- 
phase-sequence component of the voltage of any phase. 

The actual connections in a specific case will depend on 
the type of voltage transformer involved and on the secondary 
voltage required for other than ground relays. If voltage for dis- 
tance relays must also be supplied, the connections of Fig. 14 
would be used. 

If voltage is required only for polarizing directional- 
ground relays, three coupling capacitors and one potential 
device, connected as in Fig. 15 would suffice. The voltage 
obtained from this connection is 3 times the zero-phase- 
sequence component. 

The connection of Fig. 15 cannot always be duplicated 
with bushing potential devices because at least some of the 
capacitance corresponding to the auxiliary capacitor C2 might 
be an integral part of the bushing and could not be separated 
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Protected circuit 


Coupling capacitors 






Potential 
device 





Fig. 15. Connection of three coupling capacitors and one potential device for 
providing polarizing voltage for directional-ground relays. 
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X, transformers Fig. 16. Use of one potential device with three capacitance bushings. 





To ground relays 
Fig. 14. Potential-transformer connections for distance and ground relays. 


66 


Electrical Transformer Testing Handbook - Vol. 6 


CASE STUDIES REGARDING THE INTEGRATION OF 





MONITORING & DIAGNOSTIC EQUIPMENT ON 


AGING TRANSFORMERS WITH COMMUNICATIONS 


FOR SCADA AND MAINTENANCE 





Byron Flynn, Application Engineer, GE Energy 


I. ABSTRACT 


Valuable information from Monitoring and Diagnostics 
(M&D) equipment installed on aging power transformers helps 
utility personnel operate and maintain critical infrastructure. 

M&D systems provide valuable on-line information from 
power transformers including gas in oil, internal hot spot tem- 
perature, insulation aging moisture content in winding insula- 
tion, bubbling temperature, and OLTC position tracking. This 
article reviews several methods of integrating M&D equipment 
to provide this information to SCADA and maintenance sys- 
tems. 





ll. BACKGROUND 


A discussion of Transformer Monitoring and Diagnostics 
has a basis on the fundamental construction of a transformer. 
The transformer is basically a machine consisting of several 
parts: This discussion, while seemingly overly simplistic, is use- 
ful to provide a basis of failure modes and monitoring and diag- 
nostic methods. 

The core and coil are the fundamental components of a 
transformer providing the coupling of magnetic flux between 
two windings. The core and coils are placed in a tank filled with 
oil and connected to bushings. The cooling system and control 
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Basics of a Transformer 
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cabinet are the remaining fundamental components of a trans- 
former. Additionally, many transformers in distribution substa- 
tions include a Load Tap Changer (LTC) that provides addition- 
al voltage control on the distribution feeder. 

There have been significant efforts to under- 
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Current Model calculates average and maximum current on 
each winding based on one-second measurements. 

This data is available for display and for trending in the 
Master Stations. The model’s block diagram is shown below. 


stand the various failure modes of power transformers. 
Applying the fundamentals of an FMEA analysis con- L oq d 4 UFE nt M O q = | 


sisting of: 

e Identify functions 

e Identify failure modes 

e Identify failure causes 

e Identify effects of failure modes 

e Identify criticality or risk 

e Select on-line monitoring to match character- 
istic of developing failure cause(s) 

The analysis of the failure modes of the various 
components then leads to a review of the inspection 
and maintenance procedures of power transformers. 
Then applying Reliability Center Maintenance (RCM) 
tools to the failure mode analysis information helps a 
utility design a monitoring system to optimize utiliza- 
tion and eventual life cycle. 


Preventive and predictive maintenance: 

Reduces the risk and costs of unexpected failure 
Actual conditions drive maintenance and repair 
Extending life of assets 

Reducing costs of maintenance 


On-Line diagnostic condition assessment addressing 
common failure modes: 

Multiple sensors 

Multiple on-line models 


SENSORS 


O H winding current 


A winding current 


O Y winding current 


RULES OUTPUT 


Minute average current 
. on each winding 
+. Measurement on three 


A 


phase Average of phase 

| + Load current is measured 
every second and averaged 
over one minute 


A,B,C 
Maximum of phase 


A Barf 
Ao 


e Average value is used for Display and 
MVA and top-oil temperature trending 
calculation. For the not spot Warnings and 
temperature calculation, the alarms 


highest value is used. 





Figure #2: Load Current Model 


APPARENT POWER MODEL 


The Apparent Power Model simply calculates average 
apparent power (MVA) from the transformers’ current and volt- 
age. The average and maximum MVA readings are then dis- 
played and trended. Warnings and alarms are also provided, if 
limits are reached. 


All parameters are recorded automatically and A D pa re nt P Ower M O d = | 


continuously Trend and limit alarms 


ON-LINE DIAGNOSTICS MODELS 


To deal with the potential overload of data, 
many utilities are installing systems with online diag- p 
nostics models. These models were installed to reduce 
the flood of raw data and to continuously provide 
information regarding the transformer health and 
operating history. Additionally, the Dynamic Loading 
Model provides a guide which can assist the dispatch- 
ers by calculating the overloading capabilities based 
on current operating conditisions, especially useful 
during critical times. 

Additionally, early detection of problems, at 
the incipient stage, will help extend the life of the 
transformers. Detection of these problems is accom- 
plished with several models which rely on various sensors 
installed on the transformer and in the substation, combined 
with other parameters manually entered. This data is then fed 
into industry standard and accepted models, which calculate the 
various outputs. These outputs are displayed and trended in the 
two Master Stations. These capabilities increase the useful data 
while significantly reducing the shear volume of data. The mod- 
els focused on the main tank, the LTC and the cooling system 
and will be described briefly in this section. [1] & [2]. 


LOAD CURRENT MODEL 


The first two models use routine calculations. The Load 
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Figure #3: Apparent Power Model 


WINDING TEMPERATURE MODEL 


The Winding Temperature Model is based on IEEE and 
IEC loading guides. In accordance with these guides, it calcu- 
lates the hottest spot temperature on each winding. The values 
are then made available for trend and display on the master sta- 
tions. The following block diagram illustrates this model’s 
inputs and outputs. 

Computations are carried out according to: 

e IEC 354, Loading Guide for Oil-Immersed Power 
Transformers, Section 2.4, Equation 1 

e IEEE C57.91-1995/Cor 1/ July, 2001 Guide for 
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Loading Mineral-Oil-[mmersed Transformers, Section 7.2.6, 
Equation 16, 17, 18 


Winding Temperature Model 
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Figure #4: Winding Temperature Model 


INSULATION AGING MODEL 


The Insulation Aging Model calculates transformer aging 
data based on two different methods, daily & cumulative (IEEE 
+ IEC). The computations are carried out according to: 

e IEC 354, Loading Guide for Oil-Immersed Power 
Transformers; Section 2.6.2, 

Equation 7, 8 

e IEEE C57.91-1995/Cor 1/ July, 2001 Guide for 
Loading Muineral-Oil-Immersed Transformers; Section 5.2, 
Equation 2 for 65°C thermally upgraded paper; Annex D, 
Equation D2 for 55°C normal Kraft paper. 


Insulation Aging Model 
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Figure #5: Insulation Aging Model 


COOLING CONTROL MODEL 


The system also can be used for cooling control using the 
model described in the block diagram below. The system is used 
as a backup. 
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Cooling Control Model 
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COOLING EFFICIENCY 


The Cooling Efficiency Model is used to determine if the 
Cooling system can lose efficiency over time due to fan failure, 
physical failure or coolers clogged with pollen, dirt, or nests. 
These conditions need to be detected before a transformer over- 
load occurs. The model uses the following calculation methods: 

e IEC 354, Loading Guide for Oil-Immersed Power 
Transformers; Section 2.4.1, 

Equation 1 

e IEEE C57.91-1995/Cor 1/ July, 2001 Guide for 
Loading Mineral-Oil-Immersed Transformers; Section 7.2.4, 
Equations 8, 9, 10, 11, 15 


Cooling Efficiency Model 
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MOISTURE AND BUBBLING MODEL 


Moisture content of paper is critical because it reduces 
dielectric strength and increases risk of bubbling at high load 
resulting in accelerates. The calculations are carried out in line 
with the following recommended methods: 

e T.V. Oommen, “Moisture Equilibrium in Paper-Oil 
Insulation Systems”, Proc. Electrical Insulation Conference, 
Chicago, October 1983 
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e W.J. McNutt, G.H. Kaufmann, A.P. Vitols and J.D. 
MacDonald, “Short-Time Failure Mode Considerations 
Associated With Power Transformer Overloading”, IEEE Trans. 
PAS, Vol. PAS-99, No. 3, May/June 1980 

e T.V. Oommen, E.M. Petrie and S.R. Lindgren, “Bubble 
Generation in Transformer Windings Under Overload 
Conditions”, Doble Client Conference, Boston, 1995 

e V.G. Davydov, O.M. Roizman and W.J. Bonwick, 
“Transformer Insulation Behavior During Overload”, EPRIÒ 
Substation Equipment Diagnostic Conference V, New Orleans, 
February 1997 


Moisture and Bubbling Model 
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TAP CHANGER TEMPERATURE MODEL 


Over the life of the transformer, the Tap Changer is a sig- 
nificant source of potential maintenance issues. Many problems 
with the tap-changer (contact coking) lead to temperature rise in 
the tap-changer compartment. This failure mode is easily detect- 
ed by monitoring tap-changer temperature compared to main 
tank temperature. 


OLTC Temperature Model 
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TAP CHANGER MOTOR TORQUE MODEL 


A change in the motor torque pattern is another indicator 
of mechanical failures of a tapchanger component. The Tap 
Changer Motor Torque Model provides a means of detecting a 
fault in the tap changer, the reversing selector, the gears or ener- 
gy storage device. 
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OLTC Motor Torque Model 
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DYNAMIC LOADING MODEL 


The Dynamic Loading Model provides the operators 
with a perspective of the overloading capabilities, based on its 
current operating conditions. As the load grows in the area, this 
capability will become more critical in the operation of the 
transformer. 

The Dynamic Loading Model is based on the following 
models: 

e IEC 354, Section 2.4 

e IEEE C57.91-1995, Section 5.2 & 7.2.6 


Dynamic Loading Model 
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Ill. CASE STUDIES 
CASE STUDY #1 


Overall System Requirements 

1. To gain remote control & monitoring of two 
Substations 

e By reducing outage times 

e By reducing operating costs 

e By reducing trips to the field 
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e By catching problems before failures occur 

e By maintaining a healthy system. 

2. To improve monitoring and load management 

e By balancing single phase loads 

e By monitoring underground for potential overload con- 
ditions 

e By managing the transformer loading and 

e By monitoring and controlling the voltage levels 

3. To accommodate future SCADA System growth and to 
be expandable throughout the entire electrical system 

e Including the remaining substations 

e Including other distribution breakers and capacitors 

The overall system installed is shown in the architecture 
drawing in Figure #1. The two dispatch centers communicate 
with the SCADA system via DNP 3.0 over IP on the SCADA 
System. Data Concentrators/RTUs were installed in the substa- 
tions, which communicated with several Intelligent Electrical 
Devices (IEDs). Additionally, communications equipment was 
installed to support the initial system. The new communications 
equipment utilized available channel space on the company dig- 
ital microwave system. 


New Dispatch Centers 

The SCADA software was configured nearly identically 
at the two masters. The only other difference with the two dis- 
patch center systems is the master stations have different IP and 
DNP addresses. This allowed the two systems to be operated 
independently. System analog and status changes and control 
signals are communicated to both masters over the same com- 
munication line. This is possible because the system operates 
over Ethernet communications. This also provided the ability to 
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dispatch for the entire system from either master, providing 
additional coverage during busy times or a secondary master 
station if a problem occurs. The similarity of the two Master 
Stations simplified software configuration of the masters and 
the RTUs. The communications system will be discussed in fur- 
ther detail in a subsequent section. 


Integrated Transformer Monitoring 

Two monitoring systems were installed on the two 120 
MVA transformers and integrate into the system using DNP 3.0 
protocol over IP. The monitoring and diagnostic (M&D) sys- 
tems contain smart RTUs, which form the foundation for the 
diagnostic system. 

These RTUs integrate data from several sensors and the 
transformer monitoring IEDs and perform the diagnostic mod- 
els. These IEDs consist of a LTC monitor, and sensors which 
monitor combustible gases and moisture of the oil in the main 
tank. The M&D RTUs then analyze the data using several of the 
diagnostic models. It is important to operations and mainte- 
nance personnel that the transformer monitoring system reduce 
the amount of raw data provided. All the intelligent models 
described in the previous section were implanted which provid- 
ed information regarding the health of the transformers. These 
models focused on three main areas; the main tank, the cooling 
system, and the Load Tap Changer (LTC). 


CASE STUDY #2 


This system utilizes on-line monitoring with no on-line 
diagnostics. It provides an inexpensive method to capture data 
from the transformer and assist in off-line diagnosis of trans- 
former problems. 
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Figure #12: Case #1, System Architecture 
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Analogs: 
Tap Change Oil Temp 
Top Oil Temp 
Winding Temp (High Voltage) 
Winding Temp (Low Voltage) 
LTC Tap Position (via Incon) 


Controls: 
LTC Auto Control On/Off 
Fan Control Auto On/Off 
LTC Raise 
LTC Lower 


Status: 


Transformer Overpressure Relief Operate 


LTC Position At High Limit 

LTC Position At Low Limit 

Loss of Fan AC Voltage 

Tap Changer Overpressure Alarm 
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Figure #13: Case #2, System Architecture 


Distributed I/O 

This system is based on distributed SCADA I/O modules 
communicating back to an RTU in the control building. The I/O 
modules have-on board digital status, analog and control allow- 


ing the transformer monitoring system to be integrated into the 
SCADA system. 


Analogs — the following values are used to detect prob- 
lems with the LTC or the main tank. Additionally, indication of 
the LTC position is provided which can be used to determine 
operation of the LTC and potential problems such as LTC hunt- 
ing or subsequent tracking of the number of operations of each 
tap between maintenance intervals. These values include: 

Tap Change Oil Temperature — to detect problems with 
the LTC 

Top Oil Temperature — can detect problems with the tank 
or cooling system 

Winding Temp (High Voltage) 

Winding Temp (Low Voltage) 

LTC Tap Position 


Controls — provides on/off control of the LTC and Fan 
automatic systems. In addition, remote control of the LTC is 
also provided. The points included are: 

LTC Auto Control On/Off 

Fan Control Auto On/Off 

LTC Raise 

LTC Lower 


Status — The status points monitored include indication of 
the control points and on other transformer alarm points. The 
Top Oil vs. LTC temperature alarm is a primary alarm indication 
of LTC problems whenever the LTC tank temperature exceeds 
the top oil tank temperature. The status points include: 

Transformer Overpressure Relief Operate 

LTC Position at High Limit 


LTC Position at Low Limit 

Loss of Fan AC Voltage 

Tap Changer Overpressure Alarm 

Temp Differential Alarm (Top Oil Vs LTC) 
Fan Control On 

LTC Control On 


CASE STUDY #3 


This system is installed on a power plant Generator Step 
Up (GSU) transformer. From manual oil samples collected from 
the transformer, it was found that this GSU was gassing above 
normal operational parameters. The transformer was taken off 
line in mid October of 2006 for maintenance. On-Line monitor- 
ing is critical for this transformer as failure could result of a loss 
of revenue exceeding $100K per day. 

The customer flushed and filtered the oil and inspected 
the transformer for any potential problems. A continuous on-line 
gas PPM monitoring was installed to provide the Power Plant 
operations indication of combustible gases in the oil. 


System Description 

This system uses an on-line gas monitor integrated into 
station RTU which feeds data to the DCS system using Modbus 
over IP. The on-line gas monitor reports the following data: 

e PPM value of composite combustible gas measurement 

e Short term and long term rate of change of PPM value 
of composite combustible gas measurement 

e Relative saturation (humidity) of moisture dissolved in 
oil (%RH) 

e Hourly average of %RH and PPM of water in oil 

e Computes the PPM water content in oil 

e Computes the water in oil condensation temperature 

Monitoring these parameters at the plant will help reduce 
the potential of an unexpected outage due to failure of the trans- 
former. 
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Figure #14: Case #3, System Architecture 


CASE STUDY #4 

This system is installed at another utility on a series of 
power plant Generator Step Up (GSU) transformers. This utili- 
ty had similar concerns about the potential revenue lost from 
unexpected GSU failure. Much of their fleet of GSU transform- 
ers are over 30 years old. This utility also was looking for a 


Power Plant 


Figure #15: Case #4, System Architecture 
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method of reducing maintenance costs and load- 
ing on limited maintenance resources by moving 
to a condition based maintenance system. On- 
Line diagnostics was installed to provide real 
time information to the plant control operators on 
their DCS systems and to their SCADA system. 


System Description 

This system uses an on-line diagnostic 
system integrated into station DCS using 
Modbus over IP. All the diagnostic models 
described in Section II were installed and inte- 
grated into the DCS critical data was also provid- 
ed to the SCADA system via web pages from the 
DCS system. The on-line diagnostics system was 
installed because the models reduced the amount 
of raw data being handled by the operators and 
the value of calculated output data which then 
generates an alarm when the model detects a 
problem. Over 150 gas monitors and 40 diagnos- 
tic systems have been installed to date, the utili- 
ty plans to install an additional 40 units over the 
next three years. 


CASE STUDY #5 

This case study describes a system 
installed on two large 400MVA station trans- 
formers. 


The utility decided to install a diagnostic system because 
of the critical nature of these transformers and the costs of an 
unexpected failure. The diagnostics systems for these trans- 
formers, shown in the photos in the following figure, were 
installed late in 2002. 
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Figure #16: Case #5, Transformer Photos 


System Description 


This system includes the diagnostics capabilities similar 
to the previous example but also integrated bushing monitoring. 
The following listing contains the values being monitored in 


this case study. 
Functions: 


e Monitor all critical parameters 


e Top Oil Temp 
e Ambient Temp 
e Bottom Oil Temp 
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Figure #17: Case #6, System Architecture 
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e Dissolved gas in oil 

e Moisture in oil 

e Load current 

e Voltage 

e OLTC position 

e OLTC remote control 

e HV & LV Bushings 

The Bushing monitor 
sensors are installed on the 
high- and low-voltage bushing 
on each phase. This allows the 
system to monitor the leakage 
current on each bushing and 
detect potential problems. 

This system communi- 
cates directly with the 
SCADA system via DNP 3.0. 


CASE STUDY #6 


This system highlights 
a few additional communica- 
tions and functional capabili- 
ties. 

First, this system pro- 


vides the diagnostic and monitoring of previous systems, 


including bushing monitoring. 
The communication system between the transformers 
and the control building consists of a DNP IP communications 


over the local power line carrier system. It utilizes a secure PLC 
(Power Line Carrier) system that low-voltage wiring into an 
intelligent highspeed broadband networking platform. This sys- 
tem is useful when there is no economical method of adding 
communications between the transformer and the control build- 
ing. This system also includes a smart gateway which has a 
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CASE STUDY #7 


The following system consists of a LTC monitoring sys- 
tem which communicates via dial-up modems. This system pro- 
vides monitoring on the transformer and the LTC’s condition 
including monitoring the LTC tap operations, tap operation 
counts, LTC tap wear factors, the temperature difference 
between the transformer tank and the LTC compartment, the 
operational characteristics while operating through the various 
tap positions (LTC Controls), and monitoring the drive motor 
current and motor index. The utility using this system now per- 
forms condition-based maintenance on their LTCs. 

They also have credited this system with averting over 30 
failures. 
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Figure #18: Case #7, System Architecture 





Figure #19: Case #7, LTC Sensor Installation 
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COMPARISON OF INTERNALLY PARALLEL 
SECONDARY AND INTERNALLY SERIES SECONDARY 





TRANSGUN TRANSFORMERS 


Kurt A Hofman, Stanley F. Rutkowski HI, Mark B. Siehling and Kendal L. Ymker, RoMan Manufacturing 
Inc. 


INTRODUCTION 


Transgun style transformers have been in large-scale use 
for the past 10 years. 

The concept of the transgun transformer is for the trans- 
former to be integrally mounted to a welding gun, forming the 
transgun assembly. In many applications, the transgun assembly 
is manipulated with a robot. 

The application of robotic transguns has created some 
challenging design requirements for the transformer. These 
requirements include, but are not limited to the following: light 
weight, compact size, secondary voltage that is capable of driv- 
ing automotive weld currents through weld guns that vary in 
size, Shape, and configuration, a thermal or KVA rating of the 
transformer that allows maximum production rate (spots per 
minute) at the selected weld current; minimize primary demand 
current on the power system. 

A review of the above design criteria indicates that as one 
criteria 1s optimized, it may have a negative effect on another 
criteria. This contradiction of design requirements raises the 
question, “Should we design a transformer that compromises 
many criteria and attempts to meet all applications or should the 
application drive a style of transformer that best meets the spe- 
cific process requirements?” 

The intent of this paper is to provide technical data on the 
two different styles of transformers, internally parallel second- 
aries or internally series secondaries. The parallel or series con- 
figuration of the transformer secondary affects different applica- 
tion parameters. 


BACKGROUND 


The transformers that were used in this research have the 
following characteristics: 
Primary 460 Volt 60 Hz. 1 (phase) AC 
KVA R Parallel 42 KVA @ 50% Duty Cycle 

R Series 45 KVA @ 50% Duty Cycle 
H 70 KVA @ 50% Duty Cycle 
Insulation Class: 155 °C (Class F) 
Secondary Voltages: 


R parallel (Rp) 6.05 
R series (Rs) 10.70 
H parallel (Hp) 5.22 
H series (Hs) 10.44 


For this research two different styles of transformers 
were used to compare the parallel and series configurations. In 


the R transformer, an internal series of secondary construction 
was used and the physical dimensions of the transformer were 
held the same as the parallel secondary R. The internal series 
bar occupies space which would otherwise be occupied by mag- 
netic core material, thus reducing the amount of core in the 
series transformer. A reduction in magnetic core reduces the 
allowed secondary voltage. 

The effects of this decision show in the physical size vs. 
secondary voltage. It is expected that the series secondary 
would result in doubling the secondary voltage, whereas, in the 
R, the secondary voltage went from 6.05 (parallel) to 10.70 
(series) or an increase of 77%, a direct result of the reduced 
magnetic core. 

The second approach to comparing the parallel second- 
ary to the series secondary was done with the H transformer. 
With the H transformer, the secondary assembly was lengthened 
to allow room for the series bar which maintained the same 
magnetic core area for both transformers, resulting in a second- 
ary voltage that doubled from parallel to series. The parallel 
transformer has a secondary voltage of 5.22 and the series has a 
secondary voltage of 10.44. The additional secondary length in 
the series transformer changes the physical dimensions compar- 
ing a parallel transformer to a series transformer 

The two approaches to the series and parallel configura- 
tion were driven by current practice. 


IMPEDANCE MATCHING 


Impedance matching is the determination of transformer 
impedance combined with weld gun impedance to produce a 
total impedance of the transgun assembly. Chart 1 shows the 
impedance in rectangular coordinates of the four test transform- 
ers. For this investigation, three weld gun sizes are used denot- 
ed as “S” small, “M” medium, and “L” large. Chart 2 shows the 
measured gun impedance and physical size. 

Total impedance of the transgun assembly and the trans- 
former secondary voltages are shown in Chart 3. 

The application of Ohm’s law for AC circuits (V =I x Z) 
weld current, I, can be solved by taking the secondary voltage 
and dividing it by the total impedance. The maximum tip to tip 
(no work) current of the transgun assemblies using the H trans- 
former is shown in Chart 4 and graphically displayed in Figure 
1. 


Electrical Transformer Testing Handbook - Vol. 6 


H- 
RSeries | 


Chart 1. Transformer Impedance Values 
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Resistance R (uO) | Reactance XI (uO) | Impedance Z (uQ) Size (In.) 


96.05 50x70 


cm o o o o e o 92x11 





poke 340.00 16.1 x 41.0 


Chart 2. Gun Impedance Values 


aps | 13379 | 522 
ass | 24828 | wa 
RPL | s985 | 600 
RPM | 289.16 | 600 
RSL | 52188 | 1070 


Chart 3. Total Impedance and Secondary Voltage 


















Chart 4. Weld Currents for H Transformer with Gun 


H Weld Currents 


45000 
40000 | 
35000 | 
30000 | 
25000 | 
20000} 
15000 
10000 | 
5000 | 

0 


Weld Current 


Figure 1. Weld Currents for H Transformer with Gun 


Chart 5 and Figure 2 show the maximum tip to tip current 


of the R transformer. 





Chart 5. Weld Currents for R Transformer with Gun 
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R Weld Currents 
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Figure 2. Weld Currents for R Transformer with Gun 


A series secondary transformer has approximately four 
times the impedance as a parallel secondary transformer. Thus, 
as the weld gun impedance becomes less, the transformer 
impedance becomes a greater percentage of the total transgun 
assembly. 

With a low impedance gun, demonstrated by the small 
gun in this investigation, a condition can arise in which a trans- 
gun assembly using a parallel transformer can produce more 
weld current than a transgun assembly using a series trans- 
former. This is the effect of impedance matching. Chart 5 
demonstrates the condition of impedance matching. 


PRODUCTION RATE 

The production rate in this investigation is defined as the 
number of weld cycles per minute the transformer can produce 
at a given weld current. For clarity, the data is presented in two 
different forms. In Figures 3 and 4, the data is shown in maxi- 
mum allowable weld cycles per minute over a range of weld 
currents. 


Weld Cycle /Min Vs. Weld Current in H 
Transformer 
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Figure 3. Weld Cycles Per Minute in H Transformer 
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Figure 4. Weld Cycles Per Minute in R Transformer 


The other method of data presentation is to assign typical 
weld times used in industry and determine the welds per minute. 
Figures 5 through 8 show the maximum welds per minute at 14 
and 20 cycles of weld time over a range of weld current. 


Welds / Min Vs. Weld Current in H Transformer 
14 Cycle Weld Time 
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Figure 5. Welds per Minute with 14 Cycle Weld Time in H Transformer 
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Figure 6. Welds per Minute with 20 Cycle Weld Time in H Transformer 
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Figure 7. Welds per Minute with 14 Cycle Weld Time in R Transformer 
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Figure 8. Welds per Minute with 20 Cycle Weld Time in R Transformer 


When reviewing the data shown in figures 3 through 8, 
the observation can be made that the series transformer will 
have a lower production rate than the parallel transformer. 


PRIMARY DEMAND CURRENTS 


The primary current is related to the secondary current by 
the turns ratio of the transformer. The Appendix shows the turns 
ratios of the test transformers. In the H transformer, the series 
transformer turns ratio is one half as compared to the parallel 
transformer and twice the primary current for a given secondary 
current. Charts 6 and 7 show how the primary current relates to 
the secondary current for the H and R transformers. Note that 
the primary current, Ipri, for the R series transformer is not dou- 
ble that of the R parallel, as it is in the H transformer, due to the 
reduction of magnetic core. 
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Chart 6. Primary Current in H Transformer 
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Chart 7. Primary Current in R Transformer 


SIZE AND WEIGHT 


The size and weight of the transformer is an important 
variable when considering the type of transformer, parallel or 
series. The size and weight was held constant for the R trans- 
former. Chart 5 and Figure 2 show that the series transformer 
will produce more current than the parallel transformer with the 
exception of a low impedance gun such as Gun S. 

This report has compared equal size and weight trans- 
formers. Appendix B contains a chart showing the differences in 
series and parallel transformers holding the weld current con- 
stant. 


CONCLUSION 


The choice of transformer type utilized in a transgun 
assembly is determined by which criteria the user is optimizing 
or constrained by. These criteria include: impedance matching, 
size and weight, primary demand, and production rate. 

In most cases, the series transformer will maximize weld 
current except when a low impedance gun is used. The series 
transformer has an advantage of reduced size and weight for a 
given weld current. The parallel transformer will minimize pri- 
mary demand. 

The parallel transformer provides an advantage of higher 
production rates due to the lower KVA demand. Chart 8 summa- 
rizes the advantages of each transformer type. 


Conclusion Chart 

Parallel 

e Primary Demand 

e Small Gun Impedance 
e Production Rate 


Series 
e Size and Weight 
e Max. Weld Current 


Chart 8. Advantages of Each Transformer Type 


APPENDIX A 
TURNS RATIOS AND TRANSFORMER DRAWINGS 

Chart #9 below is the list of the turns ratios for the H 
transformers studied in this report. 


“Turns Ratio | 881 | ET 


Chart 9. Turns Ratios for the H Transformer 






Chart #10 below is the list of the turns ratios for the R 
transformers studied in this report. 


[iransformer | RP | RS 


Chart 10. Turns Ratios for the R Transformer 






Please note that the R series and the R parallel have the 
same physical dimensions were as the H series and H parallel 
dimensions differ. 


APPENDIX B 


COMPARISON OF SERIES AND PARALLEL TRANSFORMERS HOLDING WELD CURRENT 
CONSTANT 
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Chart 11. Comparison Holding Weld Current Constant. 
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RURAL TRANSFORMER FAILURE 





Fluke 


PROBLEM DESCRIPTION 


This case history involves the investigation of a utility 
transformer failure that occurred in a rural area surrounded 
mostly by farmland and open space. The failure occurred in a 
location where power quality problems are rare. 

Fig. 1 shows a one-line diagram of the system. The failed 
transformer was at the end of a medium voltage utility feeder. 
The transformer secondary was configured as a 120/208V, 3- 
phase, 4-wire system. The load consisted of three end-users: a 
small apartment complex, a dairy farm and a golf course club- 
house. 

The engineer began his investigation by checking for 
reports of problems with other transformers connected to the 
same feeder. This bit of research didn’t turn anything up, so he 
concluded the problem was probably related to the secondary 
loads. His next step was to question the end-users. 

The farm owner said his milk processing equipment was 
running when the transformer failed. He also said nothing 
unusual had occurred prior to the failure, and his equipment 
continued to work normally after the transformer was replaced. 

The apartment manager recalled that things were quiet at 
his facility on the evening the failure occurred. His apartment 
dwellers were home, cooking dinner and watching TV. Nothing 
unusual had occurred. 

The golf course superintendent said the club had spon- 
sored a large tournament on the day the transformer failed. The 
club had rented several battery powered golf carts to supple- 
ment their normal fleet. 

Operators plugged all of these in for recharging at the end 
of the tournament. About an hour after that, a fuse blew in the 
clubhouse’s main service panel. 

The superintendent replaced the fuse, and not long after 
that the power went out — this time, due to a failed transformer. 









Dairy Farm 


| Golf Club 


Utility i 


Apartments 


Fig. 1 Connections to the rural power transformer 


MEASUREMENTS 


The engineer asked to have a golf cart set up for charg- 
ing, so he could record the harmonic spectrum and waveform of 


the battery charger current. The results are shown in Fig. 2 and 
Fig. 3. 


THEORY AND ANALYSIS 


Battery chargers are invariably non-linear loads that gen- 
erate harmonic currents, due to the action of diodes or other 
semiconductors that convert AC to DC. The waveform shown in 
Fig. 2 is typical of a transformer coupled diode rectifier. The 
Fluke 43B showed the total harmonic distortion (THD) of the 
golf cart charger current to be 37%. Values above 20% would be 
dangerously high, given the estimated size of the charger load in 
relation to the total transformer load. 

When harmonic currents are flowing in a transformer, the 
result is extra heat in the windings and core laminations. 
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Fig. 2 Golf cart battery charger current waveform 
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Fig. 3 Harmonic spectrum of battery charger current 
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LOSSES FROM HIGH-FREQUENCY EDDY CURRENTS CON- 
STITUTE THE PRIMARY CAUSE OF THIS EXTRA HEAT. 


Some additional harmonic heating is due to skin effect, 
where the effective cross-section of a conductor is reduced at 
high harmonic frequencies. The amount of harmonic heating a 
transformer can tolerate is inversely proportional to the total 
secondary load. A heavily loaded transformer can overheat and 
fail if a large portion of the load current contains harmonics. 

In the case of the rural transformer, three end-users con- 
tributed to the total load and all three experienced peak loads at 
the same time. The timing of the blown fuse and the ultimate 
failure indicated that the sudden addition of the large battery 
charger load caused the transformer to overheat. 

Normally, the golf cart charger loads were staggered 
throughout the day. People plugged in the chargers at the con- 
clusion of each round of golf. The tournament situation was 
unusual, because it replaced this staggered load pattern with a 
simultaneous load pattern. Operators plugged in all the charger 
units in the normal fleet plus those from the rental units, at about 
the same time. The sudden battery charger load coincided with 
the peak load from the apartment complex. Residential peak 
loads occur around dinnertime when people are using electric 
ranges, refrigerators, dishwashers, and TV sets. 


SOLUTION 


To prevent failures, the golf club supervisor agreed to use 
careful load management. He would restrict the total number of 
chargers connected at any one time, and avoid the use of charg- 
ers between 5 and 7 p.m. 
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PROTECTING POWER TRANSFORMERS FROM 
COMMON ADVERSE CONDITIONS 


Ali Kazemi, Schweitzer Engineering Laboratories, Inc., Casper Labuschagne, Schweitzer Engineering 
Laboratories, Inc. 


Abstract — Power transformers of various sizes and con- 
figurations are applied throughout the power system. These 
transformers play an important role in power delivery and in the 
integrity of the power system network as a whole. 

Power transformers have operating limits beyond which 
transformer loss of life can occur. This paper examines the 
adverse conditions to which a power transformer might be sub- 
jected. 

Our discussion includes transformer overload, through- 
fault, and overexcitation protection. We discuss each operating 
condition and its effect on the power transformer, and provide a 
solution in the protection scheme for each operating condition. 


I. INTRODUCTION 


In general, the main concern with transformer protection 
is protecting the transformer against internal faults and ensuring 
security of the protection scheme for external faults. System 
conditions that indirectly affect transformers often receive less 
emphasis when transformer protection is specified. 

Overloading power transformers beyond the nameplate 
rating can cause a rise in temperature of both transformer oil and 
windings. If the winding temperature rise exceeds the trans- 
former limits, the insulation will deteriorate and may fail prema- 
turely. 

Prolonged thermal heating weakens the insulation over 
time, resulting in accelerated transformer loss-of-life. 

Power system faults external to the transformer zone can 
cause high levels of current flowing through the transformer. 

Through-fault currents create forces within the trans- 
former that can eventually weaken the winding integrity. 

A comprehensive transformer protection scheme needs to 
include protection against transformer overload, through-fault, 
and overexcitation, as well as protection for internal faults. 

This article focuses on liquid-immersed transformers 
because the majority of medium- and high-voltage transformers 
are of this type. 


Il. POWER TRANSFORMER CAPABILITY LIMITS 


A power transformer consists of a set of windings around 
a magnetic core. The windings are insulated from each other 
and the core. Operational stresses can cause failure of the trans- 
former winding, insulation, and core. 

The power transformer windings and magnetic core are 
subject to a number of different forces during operation [3]: 

e Expansion and contraction caused by thermal cycling. 

e Vibration caused by flux in the core changing direction 
every half cycle. 

e Localized heating caused by eddy currents in parts of 


the winding, induced by magnetic flux. 

e Impact forces caused by through-fault currents. 

e Thermal heating caused by overloading. 

ANSI/IEEE standards [1] [2] provide operating limits for 
power transformers. Initially, these operating limits only consid- 
ered the thermal effects of transformer overload. Later, the 
capability limit was changed to include the mechanical effect of 
higher fault currents through the transformer. Power trans- 
former through-faults produce physical forces that cause insula- 
tion compression, insulation wear, and friction-induced dis- 
placement in the winding. These effects are cumulative and 
should be considered over the life of the transformer. 

Table I shows four categories [1] for liquid-immersed 
power transformers, based on the transformer nameplate rating. 


Table 1: Transformer Categories 





Category | Single Phase KVA 


To provide a more comprehensive representation of the 
long-term effects of system conditions on power transformers, 
each category includes through-fault capability limits which are 
a function of the maximum current through the transformer. 

The maximum current (in per unit [p.u.] of the trans- 
former base rating) 1s calculated based on the transformer short- 
circuit impedance for category I and II transformers. 

Maximum current calculation for category III and IV 
transformers is based on the overall impedance of the trans- 
former short-circuit impedance and the system impedance. 


Three Phase KVA 





15 to 500 
SOI to 5000 
S001 to 30000 


Above 30000 


A. CATEGORY | TRANSFORMERS 


Fig. 1 shows the through-fault capability limit curve for 
category I transformers. The curve reflects both thermal and 
mechanical considerations. For short-circuit currents at 25—40 
times the base current, the [2t limit of 1250 defines the curve, 
where I is the symmetrical fault current in multiples of the trans- 
former base current and t is in seconds. 

Current (I) is based on the transformer’s per-unit short 
circuit impedance. A transformer with 4 percent impedance will 
have a maximum short circuit current of 25 p.u. (1/0.04), which 
results in a time of 2 seconds (1250/252) for its throughfault 
capability limit. 
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Fig. 1. Through-Fault Capability limit curve for Liquid-Immersed Category 


| TRANSFORMERS 
B. CATEGORY II AND III TRANSFORMERS 


For Category I and III transformers, the [EEE standard 
provides an additional through-fault capability limit curve. 

The additional curve takes into account the fault frequen- 
cy that the transformer is subjected to throughout its entire life. 
In general, use a frequent-fault curve if fault frequency is high- 
er than ten through-faults for category II transformers and high- 
er than five through-faults for category III transformers. Fault 
frequency is considered over the life of the transformer. 

Fig. 2 represents the through-fault capability limit curve 
for category II and III transformers that experience infrequent 
faults. The curve is limited to two seconds. 

To acknowledge the cumulative nature of damage caused 
by through-faults, the standard supplements the through-fault 
capability limit curve to reflect mechanical damage. It calcu- 
lates the I2t curve based on the actual transformer impedance. 

For category II transformers, consider the mechanical 
duty for fault currents higher than 70 percent of maximum pos- 
sible short-circuit current. For category III and IV transformers, 
consider mechanical duty for through-fault currents higher than 
50 percent of maximum possible short-circuit current. 

Fig. 3 shows the through-fault capability limit curve for 
a category II transformer with 7 percent impedance. The [2t cal- 
culation is at maximum short-circuit current for a time of 2 sec- 
onds. 

For a transformer with 7 percent impedance, [2t calcu- 
lates at 408 as shown below: 

I= 1/0.07 = 14.29; this is the maximum short-circuit cur- 
rent in p.u. of transformer base rating [2t = (14.29)2 © .2 = 408 

The lower portion of the curve is 70 percent of maximum 
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short-circuit current and the [2t calculated above. 
I= 0.7 ¢ 14.29 = 10 
t = 408/(1)2 = 4.08 
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Fig. 2. Through-Fault Capability Limit Curve for Liquid-Immersed Category II and III 
Transformers with Infrequent Faults 
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Fig. 3. Through-Fault Capability Limit Curve for Liquid-Immersed Category II Transformers 
with Frequent Faults 
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C. CATEGORY IV TRANSFORMERS 


Fig. 4 shows the through-fault capability limit curve for 
category IV transformers. The curve represents both the fre- 
quent and the infrequent fault occurrences. For category III and 
IV transformers, the mechanical duty limit curve starts at 50 
percent of the short circuit current. 
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Fig. 4. Through-Fault Capability Limit Curve for Liquid-Immersed Category IV Transformers 


D. PROTECTION CONSIDERATIONS 


After determining the proper through-fault capability 
limit curve for a particular transformer, select a time-overcur- 
rent characteristic to coordinate with the through-fault capabili- 
ty limit curve. 

In distribution transformer applications where a number 
of feeders are connected to the low-voltage bus, the feeder 
relays become the first line of defense. [EEE Standard C37.91 
recommends [3] setting the inverse time-overcurrent character- 
istic of the feeder relays to coordinate with the through-fault 
capability limit curve of the transformer, as shown in Fig. 5. 

Coordinating an overcurrent element with an [2t thermal 
element requires further consideration. Although the extremely 
inverse time-overcurrent characteristic of the overcurrent relay 
seems to emulate the shape of the thermal curve, the coordina- 
tion is only valid for a fixed initial overcurrent condition [4]. 
Once an overload or through-fault condition causes the trans- 
former winding temperature to rise, coordination between the 
overcurrent relay and the thermal element is no longer valid. In 
this situation, the overcurrent relay does not prevent thermal 
damage caused by cyclic overloads. 


Ill. TRANSFORMER OVERLOAD 
A. OVERCURRENT VS. OVERLOAD 


For this paper, we define overcurrent as current flowing 
through the transformer resulting from faults on the power sys- 
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Fig. 5. TOC Coordination with Category IV Transformer Through-Fault Capability Limit Curve 


tem. Fault currents that do not include ground are generally in 
excess of four times full-load current; fault currents that include 
ground can be below the full-load current depending on the sys- 
tem grounding method. Overcurrent conditions are typically 
short in duration (less than two seconds) because protection 
relays usually operate to isolate the faults from the power sys- 
tem. 

Overload, by contrast, is current drawn by load, a load 
current in excess of the transformer nameplate rating. IEEE 
standard [5] lists nine risks when loading large transformers 
beyond nameplate ratings. In summary, loading large power 
transformers beyond nameplate ratings can result in reduced 
dielectric integrity, thermal runaway condition (extreme case) of 
the contacts of the tap changer, and reduced mechanical strength 
in insulation of conductors and the transformer structure. 

Three factors, namely water, oxygen, and heat, determine 
the insulation (cellulose) life of a transformer. Filters and other 
oil preservation systems control the water and oxygen content in 
the insulation, but heat is essentially a function of the ambient 
temperature and the load current. Current increases the hottest- 
spot temperature (and the oil temperature), and thereby decreas- 
es the insulation life span. 

Equation (1) is used as an indication of the insulation- 
aging effect of overloading a transformer. 





%LOL = —— #100 (1) 


where: 

%LOL percentage loss-of-life 
H = Time in hours 

ILIFE = Insulation life 
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In general, assume the insulation life of a transformer to 
be 180,000 hours and the rated hottest-spot temperature to be 

110°C. Therefore, a transformer operating at the rated 
hottestspot temperature of 110°C for 24 hours ages at a rate of 
0.0133 percent, calculated as follows: 


24-100 _ 
180,000 


However, overloading the transformer decreases the 
insulation life span exponentially. To relate the hottest-spot tem- 
perature to the per-unit insulation life, we calculate FAA, the 
Aging Acceleration Factor. Equation (2) shows the calculation 
for FAA, with 15,000 being a design constant. 


LOL = 0.01333% 


15.000 aio 
383 BO, tI73 











eek o 
FAA=exp 


where: 
Qu is the calculated hottest-spot temperature 


An FAA factor of 10 means that, at the present hottest- 
spot temperature, the transformer insulation ages 10 times faster 
than the per-unit life over a given time interval. In terms of tem- 
perature, an FAA of 10 corresponds to a hottest-spot tempera- 
ture of approximately 135°C. 


B. AMBIENT TEMPERATURE 


Excessive load current alone may not result in damage to 
the transformer if the absolute temperature of the windings and 
transformer oil remains within specified limits. Transformer rat- 
ings are based on a 24-hour average ambient temperature of 
30°C (86°F). Note that the ambient temperature is the air in con- 
tact with the radiators or heat exchangers. 

Table II shows the increase or decrease from rated kVA 
for other than average daily ambient temperature of 30°C. 


TABLE Il 
TRANSFORMER LOADING WITH TEMPERATURE AS A FACTOR 





Percentage of kVA rating 


Increase load 
for each "C 
| lower than HC 


Decrease load for 
each °C higher 
than 30°C 






Type of cooling 


Self-cooled (QA) 1.0 


Water-cooled (OW) 1.0 


Forced-air cooled | Ei 0.75 
(OA/FA, OA/PA/F A) 

Forced-onl, -air, -water. -cooled (75 
(FOA, FOW., and 

OA FOAFOA) 


C. THERMAL MODELS INCLUDING AMBIENT TEMPERATURE 


More sophisticated transformer thermal models [5] use 
load current as well as the ambient temperature to calculate Top- 
Oil temperature and hottest-spot temperature. 

To calculate the absolute Top-Oil temperature and 
hottest-spot temperature, the model adds the calculated Top-Oil 
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and hottest-spot temperatures to the measured ambient temper- 
ature (subtract for a temperature drop). When the ambient tem- 
perature is not available, or communication with the device that 
supplies the ambient temperature information is lost, the ther- 
mal model uses a fixed value as reference for the ambient tem- 
perature. However, using a fixed value instead of the actual 
ambient temperature as reference means that the model cannot 
indicate whether actual damage will occur at any particular 
level of overload. 


D. THERMAL MODELS EXCLUDING AMBIENT TEMPERATURE 


Although less accurate, models without direct ambient 
temperature can still provide useful information as to the tem- 
perature rise of the transformer oil when constant current flows. 

These models project the temperature rise within the 
transformer as a function of (constant) load current flowing 
though the transformer. For example, looking at the manufactur- 
er’s literature, we see that a hypothetical transformer has a time 
constant (TC) of one hour. Using Equation (3), we calculate that 
the transformer will reach steady-state temperature after five 
hours (five time constants) when constant full-load current 
flows. 


A(t) = Tp, [ ele | 


where: 

@ = Transformer oil temperature 

Ir = Transformer full-load current 

TC = Time constant 

t = Time in seconds 

Furthermore, we can calculate that, if full-load current 
flows for one hour, the temperature is approximately 63 percent 
of the final value (solid curve in Fig. 6). However, we see that 
if we overload the transformer by 20 percent, the temperature is 
approximately 75 percent of the final value after one hour 
(dashed curve in Fig. 6). 


Temperature (per unit) 





0 1 2 3 4 5 6 
t/60 Time (hours) 


Fig. 6. Oil Temperature Curves For Full-Load Current and Twenty Percent Overload Current 


We now use this information (75 percent) as a warning 
signal that we are overloading the transformer. Because we do 
not measure the ambient temperature, we cannot determine 
whether actual damage will occur at this level of overload. 


E. COOLING SYSTEM EFFICIENCY 


Many installations provide remote thermal devices 
(RTDs) for both ambient temperature and oil temperature meas- 
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urement. 

Measuring both ambient temperature and oil temperature 
provides a method for comparing calculated oil-temperature 
values to measured oil-temperature values. Ideally, calculated 
oil-temperature values and measured oil-temperature values 
should be the same. Differences between calculated and meas- 
ured values can indicate that the cooling system is not perform- 
ing at full efficiency, resulting from such problems as defective 
fan motors. At first installations, a practical approach is to use 
the difference between calculated and measured values to fine- 
tune setting of transformer constants. 

Because transformer constants are not always available 
at the time of commissioning, some constants may have been 
assumed during the setting process. Once we establish that the 
cooling system is in good working order, we can assume that the 
difference between calculated and measured values is the result 
of incorrect transformer constant settings. After adjusting the 
transformer constants to the point where calculated and meas- 
ured values are the same, we can now attribute any subsequent 
deviations in calculated and measured values can now be attrib- 
uted to lower efficiency of the cooling system. 


F THERMAL PROTECTION APPLICATION EXAMPLE 


The idea behind a thermal element is to provide the sys- 
tem operator with meaningful data about the state of the trans- 
former. 

The thermal element provides data for determining 
whether a transformer can withstand further short-term or long- 
term overloads without sacrificing transformer loss-of-life. 

This information is a function of the ambient tempera- 
ture, transformer-loading history, present loading condition, and 
cooling system efficiency. 

The inputs to the transformer thermal monitor include 
transformer Top-Oil temperature, ambient temperature, and 
transformer loading indication provided through either the high- 
side or the low-side current transformers. 

Fig. 7 shows a one-line diagram for a transformer protec- 
tion relay providing differential protection and thermal monitor- 
ing for the transformer. RTDs provide Top Oil and ambient tem- 
peratures to the relay. 





Ambient Temperature RTD 


Fig. 7. Transformer Protection Relay With Connected RTDs for Thermal Monitoring 


The thermal element provides the transformer thermal 
status both as alarm points and as a report. The alarm points 
indicate whether a measured value exceeds a settable threshold. 

These alarm points might include Top-Oil Temperature, 
Hottest-spot Temperature, Aging Acceleration Factor, Daily 
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Rate of Loss-of-Life, and Total Loss-of-Life. 
The thermal element report is shown in Fig. 8. 
XFNA 14 Date: 05/09/16 Time: 07:58:27.241 
STATION A 
Transformer 1 
Thermal Element Condition : Normal 
Load(Per Unit) : 0.96 
In Service Cooling Stage na 
Ambient (deg. ©) > 15.0 
Calculated Top Oil (deg. C} : 23,4 


Measured Top Oil (deg. C) > 25 


Winding Hot Spot (deg. C) : 46.7 
Aging Acceleration Factor, FAA : 0.01 
Rate of LOL [(%/day) : 0.01 
Total Accumulated LOL (%) > 0.20 
Time-Assert TLL {hrs} : 0.00 


Fig. 8. Transformer Thermal Report 


IV. THROUGH-FAULT MONITORING 


As discussed previously, through-fault current produces 
both thermal and mechanical effects than can be damaging to 
the power transformer. The mechanical effects, such as winding 
compression and insulation wear, are cumulative. The extent of 
damage from through-faults is a function of the current magni- 
tude, fault duration, and total number of fault occurrences. 

Power transformers throughout the power system experi- 
ence different levels of through-fault current in terms of magni- 
tude, duration, and frequency. The recording capability of some 
transformer protection relays allows for monitoring and record- 
ing of the through-fault current. The relay records the cumula- 
tive [2t value for each phase and compares it against a threshold 
to provide an alarm. Fig. 9 shows the logic diagram for the 
cumulative through-fault logic. 

Cumulative 

Through-Fault 

lèt Values for: 


A-Phase 


B-Phase 
lt Alarm 


C-Phase 


Hi 
Threshold 





Fig. 9. Cumulative Through-Fault Logic 


The recorded values assist the maintenance crew in pri- 
oritizing and scheduling transformer maintenance and testing. 

Over time, the recorded values also provide additional 
information in determining problems (winding insulation fail- 
ure, insulation compression, loose winding, etc.) with the power 
transformer. 

Excessive through-fault occurrences within a given peri- 
od can also indicate the need for maintenance such as tree trim- 
ming and right of way clearance [8]. 


Fig. 10 shows the through-fault report for a transformer. 

The report provides the total I2t value for each phase. 
The report also provides the date, time, duration, and maximum 
current through the transformer for each occurrence. 


XFMR 1 Date: 02/12/04 Timer 18:59:49.130 
STATION A 
Humber of Through Faults: t Last Reset: 02/10/04 19:56:22 
Winding 1 Total Il-squared-t (RA*? sa@conds, primary): 
A-phase E-phase C-phase 
1.744 68.270 6.610 
iF Date Tima Duration IA IB IC 
{seconds } (A, primary max) 
L O2/14/04 18:59:27,244 5.002 241 4158 260 
2 02/11/04 11337:55,495 30,834 cel 74] 45] 


Fig. 10. Transformer Through-Fault Report 


V. TRANSFORMER OVEREXCITATION 


The flux in the transformer core is directly proportional 
to the applied voltage and inversely proportional to the frequen- 
cy. 

Overexcitation can occur when the per-unit ratio of volt- 
age to frequency (Volts/Hz) exceeds 1.05 p.u. at full load and 
1.10 p.u. at no load. An increase in transformer terminal voltage 
or a decrease in frequency will result in an increase in the flux. 

Overexcitation results in excess flux, which causes trans- 
former heating and increases exciting current, noise, and vibra- 
tion. 

Some of the possible causes of overexcitation are: 

e Problems with generator excitation system 

e Operator error 

e Sudden loss-of-load 

e Unloaded long transmission lines 


A. TRANSFORMER DIFFERENTIAL RELAY AND OVEREXCITATION 


Saturation of the power transformer core caused by 
overexcitation results in the flow of excitation current. In an 
extreme case, the increase in excitation current can cause the 
transformer differential relay to operate. Because the character- 
istic of the transformer differential relay does not correlate to 
the transformer overexcitation limit curve, it is impractical to 
depend on transformer differential protection to provide overex- 
citation protection. Furthermore, operation of the transformer 
differential relay for an overexcitation condition, which is a sys- 
tem phenomenon, can lead fault investigators to start their 
investigation at the transformer instead of looking for system 
disturbances. Use a Volts/Hz element to provide overexcitation 
protection. Under overexcitation conditions, block or restrain 
the differential element to prevent false operations. 

If a Volts/Hz element is not available, use the harmonic 
content of the excitation current to determine the degree of 
overexcitation of the transformer core. Table III shows typical 
harmonic content of the excitation current. 

The excitation current consists mainly of odd harmonics, 
with the third harmonic being the predominant harmonic. The 
third harmonic is a triplen harmonic [9]. Delta-connected trans- 
former windings (power or current transformers) filter out 
triplen harmonics (3, 9, 15, etc.). Since the next highest harmon- 
ic is the fifth harmonic, most transformer differential relays use 
the fifth harmonic to detect overexcitation conditions. 

In applications where the power transformer might be 
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TABLE Ill. 
TRANSFORMER EXCITATION CURRENT AND HARMONICS 


% of Nominal 


Magnitude 


Frequency 





(primary amps) 


Fundamental 42 0 


overexcited, block the differential element from operating on 
transformer exciting current. 


B. OVEREXCITATION PROTECTION 


Obtain the overexcitation limit for a particular trans- 
former through the transformer manufacturer. The overexcita- 
tion limit is either a curve or a set point with a time delay. Fig. 
11 shows typical overexcitation limit curves for different trans- 
formers. 


150 


140 


120 


% Volts / Hz 


110 


100 


Individual Manufacturers should be consulted for limits of a specific 
iransionmer 





HNT 01 10 10 100 1000 


Minutes 


Fig. 11. Typical Transformer Overexcitation Limit Curves 


Provide overexcitation protection for power transformers 
through a Volts/Hz element that calculates the ratio of the meas- 
ured voltage to frequency in p.u. of the nominal quantities. 

In applications that provide overexcitation protection for 
a generator step-up (GSU) transformer, consider the overexcita- 
tion limits of both the GSU and the generator. Then set the 
overexcitation element to coordinate with the limit curves of 
both the GSU and the generator. Fig. 12 shows the coordination 
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of the overexcitation element with the generator and the GSU 
limit curves. Use a composite limit curve to achieve proper 
coordination. 
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Fig. 12. Overexcitation Protection Coordination Curve 


VI. CONCLUSION 


Power transformers play a significant role in power sys- 
tem delivery. Proper application of relay elements that monitor 
a transformer’s thermal state and through-faults can provide 
both short and long term benefits. These benefits include: 

e Transformer overload protection, including cyclic over- 
loads 

e Continuous transformer thermal status indication that 
allows the system operator to make transformer loading deci- 
sions based on transformer thermal state 

e Cooling system efficiency indication 

e Records of cumulative per phase [2t values as seen by 
the transformer 

e Settable [2t alarm thresholds that can notify the system 
operator of excessive through-fault current seen by the trans- 
former 

e Cumulative [2t values as a measure to prioritize trans- 
former maintenance 

Overexcitation is a system condition and is not limited to 
generating stations. Proper application of Volts/Hz elements can 
prevent damage to transformers resulting from system overvolt- 
age or underfrequency conditions. 
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CT SATURATION IN INDUSTRIAL APPLICATIONS - 
ANALYSIS AND APPLICATION GUIDELINES 


Bogdan Kasztenny, Manager, Protection & Systems Engineering, GE Multilin; Jeff Mazereeuw, Global 
Technology Manager, GE Multilin; Kent Jones, Technology Manager, GE Multilin - Instrument 
Transformers Inc. (ITT) 


1. INTRODUCTION 


It is possible that relatively low-ratio CTs are applied for 
protective relaying of small loads fed from switchgear and 
motor controllers of relatively high short-circuit capacity. 
Assume the worst-case scenario of 64kA available fault current 
from bus feeding a small motor load of normal current below 
50A. In theory, CTs rated as low as 50:5 and relay class C10 
may be applied for protection purposes. 

Realizing that 64kA of fault current is 1080 times the 
rated current of the 50:5 CT, the magnitude of the problem is 
evident. Protection class CTs are designed to work in the linear 
range, with minimal errors and minimal waveform distortion, 
only up to 20 times the rated nominal current with the burden as 
defined by the relay class (saturation voltage) of the CT per 
IEEE Std. C57.13. 

Well-established and relatively accurate equations are 
available for calculation of the actual maximum primary current 
for saturation-free operation under any specific burden, any spe- 
cific X/R ratio, and any specific residual flux in the CTs. This 
engineering practice is of little help here: A CT fed with a pri- 
mary current hundreds of times its rated current will saturate 
severely - only relatively short duration peaks of limited current 
will be observed from the secondary of the CT. These peaks can 
be as low as 5-10% of the ratio current, and will last a small 
fraction of the half-cycle, down to 1-2ms in extreme cases. As a 
result, only a very small portion of the actual ratio current is pre- 
sented to protective relays fed from such severely saturated CTs. 
In terms of the true RMS value, the secondary current may be 
as low as 1-2% of the expected RMS secondary current. 

On the surface, it may seem that a severe problem takes 
place here — the fault current is so high that it virtually stops the 
CT from passing the signal to the relay. The relay does not see 
enough proportional secondary current during severe faults in 
order to operate its short circuit protection. The upstream relay, 
using CTs of a much higher ratio, measures the fault current 
more accurately and trips. Zone selectivity is lost because the 
poor low-ratio CT was “blinded” to the fault. 

It is justified to assume that vast majority of industrial 
applications are not supported by computer simulation studies 
(EMTP) of saturated CTs, or any lengthy and sophisticated CT 
analysis. At the same time, there is a population of relays 
installed on high capacity buses and fed from low ratio CTs. An 
obvious question arises: why does the above problem not 
demonstrate itself in the field? 

In this paper we will analyze the problem in detail and 
explain its underlying mechanics. 

Several GE Multilin’s relays are analyzed in terms of 


their response to heavily saturated waveforms. A formal, com- 
pact and easy-to-grasp method is shown to present complex 
relations between the CT response and the response of any 
given relay. Based on this graphical method, one can quickly 
evaluate the problem (do I have a problem when using relay X, 
with CT Y, under fault capacity Z, and overcurrent pickup set- 
ting Q?), and clearly see alternative solutions if a problem truly 
exists (1.e. definition of a method to match relays with CTs). 

This paper illustrates that many unknowns in analysis do 
not have significant impact on the outcome. Reasonable conclu- 
sions will be evident from the results, even though broad 
assumptions are made in the model. 

This exploratory analysis shows that severely saturated 
CTs only slightly reduce short circuit tripping capabilities of GE 
Multilin’s relays. Given the typically applied settings, there is 
no danger of a failure to trip from instantaneous overcurrent 
functions even in extreme cases of very high short-circuit cur- 
rents and low-ratio CTs. 


2. SEVERE SATURATION OF LOW-RATIO CTS 


Well-established engineering practice exists for CT 
selection to ensure saturation-free operation of protection CTs at 
a given short circuit level, CT burden, X/R ratio and assumed 
residual flux. In the context of this paper, it is assumed that this 
engineering technique is not applied, and severe saturation will 
occur for short circuits within the protected zone (motor, feeder, 
cable or bus). 

Analytical analysis of a saturated CT is not practical. 
Only “time to saturation” may be approximated with relative 
ease, and is used in some protection applications. More detailed 
analytical analysis is not in the realm of practical engineering. 

Computer simulations are the only efficient way to 
extract the required information on secondary signals. These are 
burdensome for everyday engineering in the industrial domain. 

This article uses computer simulation to derive simple 
and practical analysis and engineering charts to address the 
problem. 

Figures | and 2 present plots of the proportional second- 
ary CT current, and the simulated secondary current for a 50:5, 
C10, CT with a 0.20hm resistive burden under the fault current 
of 10 times nominal current (without and with full DC offset, 
respectively). This poor performance CT with this particular 
burden saturates slightly under 500A AC current (Figure 1), and 
accordingly more when full DC offset is present in the primary 
current (Figure 2). This document uses a digital model of a CT. 
More information on the model and its validation can be found 
in Section 7. 
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Fig.1. 50:5, C10, CT with a burden of 0.2ohms under fault current of 500A (symmetrical). 
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Fig.2. 50:5, C10, CT with a burden of 0.2ohms under fault current of 500A (fully offset). 
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Fig.3. 50:5, C10, CT with a burden of 0.2ohms under fault current of 10kA (symmetrical). 


Figures 3 and 4 present the performance of the same CT 
under the fault current of 200 times the nominal, i.e. LOKA. 
Now, the saturation is much more severe. 

This article focuses on extreme cases of CT saturation, 
with primary current as high as 1000 times the rated value. 
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Fig.4. 50:5, C10, CT with a burden of 0.2ohms under fault current of 10kA (fully offset). 
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Fig.5a. 50:5, C10, CT with a burden of 0.2ohms under fault current up to7 5kA (symmetri- 
cal). 


Figures 5a through 6b present a series of secondary cur- 
rents superimposed on the ratio current. The primary current 
ranges from 200 to 1500 times the CT rating (10KA to 75kA in 
this case). All traces are rescaled to the peak of the ratio current 
for easy visualization (in this way all currents have the same 
graphical scale). Figure 5 is for symmetrical currents, and 
Figure 6 for the fully offset currents. 

These figures illustrate severity of the problem. The sec- 
ondary current is as low as 5-8% of the expected ratio current, 
and exhibits spikes shorter than 1ms when the fault current is as 
high as 75kA. Please note that this 50:5, C10, CT has a burden 
of 0.20hms, virtually making it into an IEEE C57.13 “C5 relay 
class” equivalent. 

It is important to observe that the secondary current, 
despite being extremely low compared with the fault current, is 
still very large compared with the CT and relay ratings: 

For example, consider a fully offset 75kA current and a 
50:5, C10, CT of Figure 6b. The peak value of the secondary 
current is only about 5% of the peak value of the fault current, 
but this translates to 0.05*75kA* 2 / (50:5) = 530A peak sec- 
ondary, or 530A peak/( 2 *5A) = 75 times rated value of the 
relay. This is a substantial current considering a typical conver- 
sion range of a microprocessor-based relay is 20-50 times the 
rated current. Figure 7 shows the relation between the peak 
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Fig.5b. 50:5, C10, CT with a burden of 0.2ohms under fault current up to7 5kA (symmetri- 
cal). First half-cycle of the secondary current. 
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Fig.6a. 50:5, C10, CT with a burden of 0.2ohms under fault current up to75kA (fully off- 
set). 
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Fig.6b. 50:5, C10, CT with a burden of 0.2ohms under fault current up to75kA (fully off- 
set). First half-cycle of the secondary current. 


value of the secondary current, and peak value of the ratio cur- 
rent for the simulated CT (1OkA-75kA range). 
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Fig.7a. 50:5, C10, CT with a burden of 0.2ohms: relation between the peak secondary cur- 
rent and peak fault current (symmetrical waveform). 
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Fig.7b. 50:5, C10, CT with a burden of 0.2ohms: relation between the peak secondary cur- 
rent and peak fault current (fully offset waveform). 


Consider however, that it is the short duration of the 
peaks of the secondary current, not the low magnitude of those 
peaks that is important from the point of view of the signal 
strength delivered to the relay. 


3. MICROPROCESSOR-BASED RELAYS AND SATURATED 
CURRENT WAVEFORMS 


As explained and illustrated in the previous section, low- 
ratio CTs pass proportionally less and less signal energy to the 
relay when the primary current increases dramatically. In an 
extreme case of the fault current being 1000 times the CT rat- 
ing, only a small percent of this current, in the form of short 
spikes, would be delivered to the relay. This section explains 
and illustrates how a typical microprocessor-based relay 
responds to such waveforms. 

Response of Instantaneous Overcurrent functions is of 
primary interest. 

With reference to Figure 8 a typical relay incorporates 
input current transformers (galvanic isolation), analog filters 
(anti-aliasing), A/D converter, magnitude estimator possibly 
with digital pre-filtering, and an Instantaneous Over-Current 
(IOC) comparator. 
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Fig.8. Signal processing chain of a typical relay. 


3.1. IMPACT OF RELAY CURRENT TRANSFORMERS 


In general, the relay input CTs may saturate, adding to 
the complexity of the analysis, and to the scale of the problem. 
However, saturation of relay input CTs may be neglected for the 
following reasons: 

The secondary current is substantially reduced under 
severe saturation of main CTs. 

Moreover, saturation of the main CT makes the second- 
ary current symmetrical, eliminating the danger of exposing the 
relay input CT to decaying DC components. And thirdly, the 
secondary current has a form of short lasting spikes. This limits 
the flux in the cores of the relay inputs CTs. 

For example, consider the case of Figure 5. Under, say 
75kA of symmetrical fault current, the secondary current is 
approximately a series of triangular peaks of about 0.08*75kA* 
2 / (50:5) = 848A secondary, lasting approximately 0.5-1ms. 
Assuming Ims duration of these spikes, the true RMS of this 
secondary signal is only 120A, or 24 times the 5A rated of the 
relay input. 

In reality, the relay input CT would have some impact on 
the response of the relay. 

Frequency response, i.e. ability to reproduce the short 
lasting input signal, may play a role. 

The theoretical analysis of this paper neglects the impact 
of relay input CTs. It is believed to be small. This is confirmed 
through testing of actual relay hardware. 


3.2. IMPACT OF THE ANALOG FILTER 


Analog filters are implemented in order to prevent alias- 
ing of higher frequencies on the fundamental frequency signal. 
Typically, a second order filter is used with a cut-off frequency 
of about 1/3rd of the sampling rate. 

Analog filters have a positive impact on the response of 
the relay to heavily saturated current waveforms. Due to its 
intended low-pass filtering response, the analog filter reduces 
the peak values of its input signal and lengthens the duration of 
such spikes. In a way, the analog filter smoothes out the wave- 
form by shaving its peaks and moving the associated signal 
energy into the area of lower magnitude. This phenomenon is 
illustrated in Figure 9. 

Given the fact that the peak magnitude of spikes is well 
above the conversion level of the relay and, as such, it is not 
used by the relay when deriving the operating quantity, the oper- 
ation of shifting some signal energy from the peaks into the low 
magnitude area would increase the operating signal and 
improve the overall response of the relay. 

Figure 9 assumes a linear analog filter, i.e. a filter that 
would not saturate despite the high magnitude of its input. Most 
filters, however, are designed using active components (opera- 
tional amplifiers) and will saturate on waveforms such as the 
one of Figure 9. Figure 10 shows response of a simplified model 
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Fig.9. Impact of a linear analog filter on the saturated current waveform (64kA fault cur- 
rent; (10, 50:5, CT with 0.20hm burden). 
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Fig.10. Impact of a linear analog filter on the saturated current waveform (a simplified 
model of a non-linear filter). 


of such filter (clamping of the input signal to a linear filter). As 
seen in the figure, the signal is reduced even more. What is 
important is that the analog filter shifts some portion of the sig- 
nal energy into the low magnitude region when it is measured 
and utilized by the relay. 


3.3. IMPACT OF THE A/D CONVERTER 

The impact of the A/D converter is twofold. First, any 
converter has a limited conversion range where signals above a 
certain level are clamped. This is similar to the response of the 
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Fig.11. Impact of the A/D converter — clamping (case of Fig.9). 
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Fig.12. Impact of the A/D converter — sampling (case of Fig.9). 
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Fig.13. Impact of the A/D converter — samples aligned differently compared with Fig.12. 


analog filter in front of the A/D converter (saturation of the 
amplifiers). The conversion range of today’s relays is typically 
in the 10-50 span. For example, the GE 469 Motor Management 
Relay clamps the inputs at 28.3* 2 *5A = 200A secondary peak, 
assuming the 5A rated current. 
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Figure 11 illustrates the impact of the A/D clamping on 
the signal processed by a given relay. The second aspect related 
to the A/D conversion is a limited sampling rate. Today’s relays 
sample at rates varying from 8 to 128 samples per cycle. 
Industrial relays tend to sample at 8-16 times per cycle. 

Given the short duration of the signal pulses produced by 
a heavily saturated CT, location of A/D samples on the wave- 
form plays an important role. Consider Figures 12 and 13. In 
Figure 12 the samples lined up in a way that 3 samples in each 
cycle “caught” the peaks of the signal. In Figure 13 the samples 
lined up in a way that only 2 samples in each cycle aligned with 
the peaks. This will result in different values of the operating 
signal for the IOC function. In the analysis, the worst-case must 
be considered and, in this context, Figure 13 presents the worse 
condition. 

It is also intuitively obvious that higher sampling rates 
give better chance to “integrate” the short lasting signal pulses 
and yield a higher operating signal, and thus better relay per- 
formance. This is illustrated in Figure 14 where the sampling is 
increased from 12 to 16 samples per cycle (s/c). 
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Fig.14. Impact of the A/D converter — higher sampling rate (case of Fig.9). 


3.4. IMPACT OF THE MAGNITUDE ESTIMATOR 


Microprocessor-based relays calculate their operating 
signals, such as the current magnitude for the IOC function, 
from raw signal samples. This process of estimation can include 
digital filtering for removal of the DC offset that otherwise 
would result in an overshoot. Typically a Fourier-type or RMS- 
type estimators are used. 

The former extracts only the fundamental component 
from the waveforms (60Hz) through a process of filtering. This 
would result in a much lower estimate of the magnitude 1f the 
waveforms were heavily distorted. 

The latter extracts the total magnitude from the entire sig- 
nal spectrum yielding a higher response under heavily saturated 
waveforms. The difference can be tenfold in extreme cases such 
as the ones considered in this paper. 

Figure 15 shows an example of the estimation of a true 
RMS value. Please note that the relay is subjected to 64kA of 
fault current, and measures “only” 10-15 pu of current (50-75A 
secondary, or 500-750A primary). This is only about 1% of the 
true current, but still 10-15 times relay rated current. 
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Fig.15. Example of amplitude estimation — true RMS algorithm (case of Fig.9). 


3.5. IMPACT OF THE IOC COMPARATOR 


The derived operating current signal is compared against 
a user set threshold. Extra security may be implemented by 
requiring several consecutive checks to confirm the trip (“secu- 
rity counters”). This impacts when and for what current the 
relay would operate. 

Another aspect is the rate at which the operating condi- 
tions are checked. They may be executed with each new sample, 
every other sample, once a cycle, etc. (“protection pass”). 

This again impacts if and when a given function operates 
if the current is not steady. Intimate knowledge of the relay 
inner workings is required to analyze this, as well as the previ- 
ously discussed aspects of the relay response. 

The next section proposes a methodology for reduction 
of the many factors impacting response of a given relay to 
waveforms produced by a given CT in order to facilitate practi- 
cal analysis and application in the field. 


4. METHOD OF QUANTIFYING RESPONSE OF IOC 
PROTECTION UNDER CT SATURATION 


This section presents a methodology for reduction of the 
many factors impacting response of a given relay to waveforms 
produced by a given CT in order to facilitate practical analysis 
and application in the field. 

As shown in the previous subsection, any given relay 
reduces the signal coming from the CT to a series of pulses. 
These pulses are further limited in magnitude by the conversion 
range of the relay, while their duration is impacted by the natu- 
ral inertia of the analog input circuitry of the relay (input trans- 
formers, analog filters). As a result considerable variability is 
removed in the A/D samples in response to the CT parameters. 
Additionally, a typical relay applies averaging when deriving its 
operating quantities (such as the true RMS). This reduces vari- 
ability even further. 

The above observation facilitates the following method 
of quantifying response of any given relay to any given CT. The 
method starts with a portion to be completed by relay manufac- 
turers as follows: 

1. Assume a nominal burden of a given CT. Under differ- 
ent burden, a given CT could be always re-rated by the applica- 
tion engineer based on the known principles. 

2. Simulate the CT with and without DC offset in the pri- 
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mary current. Assume a typical X/R ratio for industrial applica- 
tions (X/R = 15). Repeat for different ratios if required. 

3. Vary the AC component in the primary current from 
the CT rated value up to 64kA. 

4. Use a digital model of a given relay, or the actual relay, 
to find the operating quantity of an IOC function for a given 
fault current. When simulating, consider the minimum meas- 
ured value within the timing spec of the [OC function. When 
testing the actual hardware, look for consistent operation within 
the timing specification of the relay. 

5. Vary the alignment of samples with respect to the 
waveform in order to get the worst-case scenario. When simu- 
lating, explicitly align the samples in different patterns. When 
testing the actual relay, repeat the test several times to make sure 
the relay operates consistently. 

6. The value found in step 5 is the highest setting that 
could be used for the IOC function to guarantee operation with- 
in the timing specification for a given fault current. This pair of 
fault current/maximum pickup setting becomes a point on the 
2D chart. 

7. Repeat the above for various fault currents. The 
obtained points constitute a characteristic for the considered CT 
and relay. 

8. Repeat the above for various CTs obtaining a series of 
characteristics for the considered relay. 

Figure 16 below shows the important signals for a certain 
relay fed from a 50:5 C10 with 0.2ohm burden under the sym- 
metrical fault current of 1kA (or 20 times rated). Please note that 
this particular plot is for a burden different than nominal. The 
Figure shows that the relay would operate for this case within 
the timing specification as long as the setting is below 8pu. The 
(20pu,8pu) pair becomes a dot on the chart. 

Figure 17 shows the same relay and CT under the current 
of 10kA (or 200 times rated). 

The Figure shows that the relay would operate for this 
case within the timing specification as long as the setting is 
below 15pu. The (200pu,15pu) pair becomes a dot on the chart. 

Figure 18 shows the same relay and CT under the current 
of 50kA (or 1000 times rated). 

The Figure shows that the relay would operate for this 
case within the timing specification as long as the setting is 
below 14pu. The (1000pu,14pu) pair becomes a dot on the 
chart. 

Repeating this for various fault currents, with and with- 


40 

ESTIMATED, TRUE RMS: 
CURRENT MAGHITUDE 
IHIN OF ABOUT BPU] 


rare 


TAINS SPECIFICATION 


FAD 


=] 


Curent, pu 
2 e 
pr 4 


=o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 
img, S&C 


Fig.16. 50:5, C10 CT feeding a relay. Fault current of 1kA (20 times rated). 
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Fig.17. 50:5, C10 CT feeding a relay. Fault current of 10kA (200 times rated). 
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Fig.18. 50:5, C10 CT feeding a relay. Fault current of 50kA (1000 times rated). 
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Fig.19. The concept of “fault current — 10C pickup” curves. 


out DC offset, while varying the alignment between samples 
and waveforms, and plotting these as dots on the chart would 
divide the fault current/pickup plane into three regions: solid 
operation (A), intermittent or slow operation (B), and no opera- 
tion (C) as depicted in Figure 19. 
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The fault current — IOC pickup curves are interpreted as 
follows: if the CT were perfectly linear, and the relay had an 
infinite conversion range, the relay would see exactly 100% of 
the actual primary current, and would operate if the fault current 
equals the entered IOC setting. This would constitute a straight 
line as shown in Figure 19. Due to CT saturation and the finite 
relay range, the relay sees less than the actual (ratio current), 
and thus needs more current than 100% of the setting in order to 
operate. Therefore, the curves climb up away from the 100% 
line. 

If set to PKP1, the relay would operate as long as the 
fault current is above F1 value (crossing the pickup line), and 
the fault current is below F2 value (severe saturation decreasing 
the relay operating current below the pickup value). 

If set to PKP2, the relay would never operate, because the 
operating value never goes above the PKP2 value: first, the cur- 
rent is too small; next the current is too large causing enough 
saturation to keep the operating quantity low. 

Solid (guaranteed) operation of the IOC functions is of 
primary interest here. Therefore, the left line dividing solid 
operation form the intermitted operation shall be provided to the 
users as shown in Figure 20. Charts for different CTs shall be 
included on the same graph. 
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Fig.20. The concept of fault current — 10C pickup curves: Selecting CT for a specific relay, 
specific maximum fault level and specific pickup setting. 


The user applies the chart as follows. 

For an intended pickup level, the user reads the fault cur- 
rent from the curve. If a fault of this magnitude happens, this 
particular relay fed from this particular CT would see just 
enough current to operate. This point defines the boundary of 
safe operation. If the actual maximum fault current is below that 
value, the application is safe; if above, the relay may trip slow 
or not at all for currents above the value from the chart. 

If the application has a problem, the user could use a bet- 
ter CT. A family of curves shall be provided for various CTs. A 
CT shall be selected with the characteristic to the right of the 
intended pickup — maximum fault current point. 

Please note that given the maximum fault current in 
Figure 20, CT-4 is adequate for any setting value (the CT-4 
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curve is located to the right from the maximum relay setting 
line). The CT-4 of this example is the lowest class/ratio CT that 
does not limit at all application of this particular relay. Vast 
majority of CTs of a given series fall into this category, and the 
curves are really needed only for the CTs below this borderline 
case. 

Please note that given the typical IOC setting of 12pu or 
so used for short circuit protection of motors, all four CTs in the 
example of Figure 20 are adequate (even the CT-1 curve is 
located to the right from the typical setting line). 

To understand better application of the curves, consider a 
relay and two CTs as in Figure 21. Assume a setting of 19pu is 
to be used on this particular relay fed from CT-1 on the bus with 
short circuit capacity of 50kA. Because the 50kA/19pu point is 
outside the CT-1 curve, this application is not secure. With this 
setting the relay would operate reliably up to the fault current of 
15kA. This CT could be used with settings below 17.5pu. 

If the 19pu setting is a must, and the short-circuit capac- 
ity is SOkA, CT-2 shall be used. Its curve is to the right of the 
SOkA/19pu point, meaning the relay would always operate for 
faults fed from this bus with a setting of 19pu. 

Assume the CT-2 is used with this relay: The highest set- 
ting one could apply under any practical fault level is 21 pu. 

As illustrated above, the proposed fault current — pickup 
chart is a powerful tool to evaluate and adjust applications of 
IOC protection with low-ratio CTs. 

The method can be used not only to match CTs to relays, 
but vice versa as well. For a given CT, a series of curves can be 
produced that show the maximum allowable IOC setting for dif- 
ferent relays and different fault current levels. 

The CTs on the fault current—pickup charts shall be pre- 
sented assuming nominal burdens. For varying burdens, the CT 
will get re-rated by an application engineer based on the well- 
known principles. For applications with long leads, the charts 
play a role in selecting proper wires in order to meet the 
required performance. 
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Fig.21. Using the fault current—pickup setting charts. 


5. ANALYTICAL ANALYSIS OF SELECTED MULTILIN RELAYS 


Several MULTILIN relays have been evaluated based on 
the approach outlined in the previous section. The evaluation 
assumes a simplified model of relays giving consideration to 
their actual analog filters, conversion ranges, sampling rates, 
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Fig.22. Fault current—pickup charts for the 469 relay (f/w 5.0, h/w rev. 1) and two sample 
(Ts (relay setting range for 10C is 20pu). Application in 60Hz systems. 
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Fig.23. Fault current—pickup . charts for the 489 relay (f/w 1.53, h/w rev. |) and two sam- 
ple CTs (relay setting range for 10C is 20pu). Application in 60Hz systems. 
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Fig.24. Fault current—pickup charts for the 369 relay and two sample CTs (relay setting 
range for 10C is 20pu). Application in 60Hz systems. 
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digital filtering and phasor estimators. 

The analysis has been presented for 2 selected CTs (50:5, 
C10, 0.20hm burden, and 50:5, C20, 0.2 ohm burden). Note, 
that these are relatively poor performance CTs. With the burden 
of 0.2ohms, the first CT is equivalent to a “C5 class”. 

Figures 22 through 26 present the fault current-pickup 
charts for the 469, 489, 369, 239 and 750 relays. 

It is clear from the figures that using very low-ratio CTs 
prevents applying the relays with settings above some 80% of 
the setting range. For example, with the 50:5, C10, 0.2 ohm CT 
applied in a 64kA switchgear, the 469 can be set as high as 17pu. 
The typical setting is considerably lower (some 12pu) which 
makes the application secure. 


6. TEST RESULTS FOR SELECTED MULTILIN RELAYS 
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Fig.25. Fault current—pickup charts for the 239 relay and two sample CTs (relay setting 
range for 10C is 11pu). Application in 60Hz systems. 
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Fig.26. Fault current—pickup setting charts for the 750 relay and two sample CTs (relay set- 
ting range for 10C is 20pu). Application in 60Hz systems. 


The analysis of section 5 has been validated on the actu- 
al relay hardware. Figures 27 and 28 present results (for currents 
up to 200 times the rated) for the 469 and 369 relays. It could be 
seen that the theoretical prediction and response of the actual 
relay match well in the tested region of the chart. 

The relays have been tested as follows: A given saturated 
waveform is played back to the relay; an IOC setting is 
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Fig.27. Fault current—pickup charts for the 469 relay (f/w 5.00, h/w rev. 1) and a sample 
ITI CT (theoretical analysis vs relay test results). Application in 60Hz systems. 
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Fig.28. Fault current—pickup charts for the 369 relay and a sample CT (theoretical analysis 
vs relay test results). Application in 60Hz systems. 
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Fig.29. Fault current—pickup charts for the 239 relay and a sample CT (theoretical analysis 
vs relay test results). Application in 60Hz systems. 


decreased from the maximum available on the relay to the point 
when the relay starts operating consistently, and all responses 
are within the published trip time specification. This setting is 
considered a solid operation point. The fault current — solid 
operation pickup point is put on the chart, and the process con- 
tinues with the next fault level. 

The relays were tested using playback of waveforms gen- 
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erated from a digital model of the CT. This model was verified 
as well in order to gain absolute confidence in the accuracy of 
the presented charts. 


7. VALIDATION OF THE CT MODEL 


Using an adequate CT model is critical to the accuracy of 
the analysis. CT modeling techniques are relatively precise 
when applied in the typical signal ranges, i.e. under currents up 
to a few tens of the CT rated current. This paper assumes cur- 
rents in hundreds of the rated value, and therefore calls for cau- 
tious approach to CT modeling. 

The CT model used in this study is supported by the 
IEEE Power System Relaying Committee and has been verified 
by multiple parties. It is justified to assume, however, that the 
verification was limited to relatively low current levels. The 
model shall be verified on fault currents as high as 800 rated in 
order to make sure the unusually high flux densities, and other 
aspects do not change the nature of the CT response compared 
with more regular situations. This must be done using actual 
CTs and high power testing equipment. 

This section compares test results of a 50:5 C10 and a 
50:5 C5 CT with the waveforms obtained from the digital 
model, in order to validate the model. The comparison is done 
for currents being hundreds of the CT rated. 

The tests have been done in the high power lab of GE 
Multilin’s Instrument Transformers (ITI) division in Clearwater, 
Florida. Figures 30 and 31 show a CT under test, and the test 
setup, respectively. A current source capable of driving 5kA of 
current is connected to 4 primary turns on the C10 CT. A current 
source capable of driving approximately 3.6kA of current is 
connected to 11 turns on the C5 CT. This is equivalent to testing 
the C10 CT with 20kA of primary current, and the C5 with 
AOKA of primary current. A 0.20ohm burden resistor is applied to 
both transformers. 
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Fig.30. 50:5 C5 CT inde test. Multiple primary turns (8 cable loops indicated) = to sim- 
ulate effectively higher primary current. The reference CT is visible to the right of the CT 
under test. 

A digital scope is used to record traces of the ratio and 
secondary currents. A 0.3B1.8, 

C100, 4000:5 CT is used as a reference CT measuring the 
primary current. 

The tested CTs are demagnetized before each test in 
order to facilitate the simulation by making the residual flux 
known (zero). 
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Fig.31. Test setup. 


Figure 32 presents the actual (measured) magnetizing 
characteristics for the two CTs under test. 

Figure 33 shows the primary currents: measured and sim- 
ulated for a sample 20KA test of the C10 CT. 

The current source used in the test cannot be controlled 
as to the DC offset. Therefore, the primary waveform in the dig- 
ital simulation has been matched post-mortem to reflect the test 
waveform. 
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Fig.32. Magnetizing characteristics of the C10 (top) and C5 (bottom) CTs used in the tests. 


Subsequently, such primary waveform has been used to 
exercise the digital model of the CT producing the secondary 
waveform depicted in Figure 34. The tested and simulated sec- 
ondary currents’ waveforms are inverted in the figure to better 
indicate the narrow current pulses that otherwise would overlap 
closely and be difficult to read. 

The primary current of Figure 33 is distorted and does 
not follow a classical exponential DC decay model. This is 
because of the type of the current source used. The DC constant 
and distortions are of secondary importance, however, because 
of the high value of the current. 

As seen in Figure 34, the model and actual CT tests 
match well. The model seems to yield a slightly lower magni- 
tude of the secondary current and, at the same time, slightly nar- 
rower pulses of the current. The difference in magnitudes seems 
to be within 10-15% and is not critical, as this level is several 
times above the relay cut-off value already. The lower magni- 
tude and width of the pulses, as simulated by the digital model, 
make the analysis of this report conservative — the actual CT 
would deliver more energy to the relay compared with the sim- 
ulated CT. 
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Fig.33. Case 1 — primary currents: test (dotted line) and simulation (solid). A 20kA test of 
the C10 CT. 
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Fig.34. Case 1 — secondary currents: fest (dotted) and simulation (solid). The currents are 
inverted for better visualization. A 20kA test of the C10 CT. 


Figure 35 shows a 10KA test of the C10 CT. Again, the 
model and the test results match well. 

Figure 36 shows a 32kA test of the C5 CT. This approx- 
imates a 64kA test of a C10 CT. As seen in the Figure, the CT 
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Fig.35. Case 2 — secondary currents: test (dotted) and simulation (solid). The currents are 
inverted for better visualization. A 10kA test of the C10 CT. 
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Fig.36. Case 3 — secondary currents: fest (dotted) and simulation (solid). The currents are 
inverted for better visualization. A 32kA test of the C5 CT. 


still delivers current pulses of 300A secondary. Again — the dig- 
ital model seems to return current pulses of shorter duration, 
making the analysis of this report conservative. 


8. CONCLUSIONS 


This document explains issues associated with instanta- 
neous overcurrent protection in industrial applications when 
feeding protective relays with low-ratio CTs. Extreme cases of 
CT saturation have been considered to the extent of 64kA of 
fault current measured by a 50:5, C10 CT. 

A methodology has been provided for practical field 
engineering of CT and relay applications. Simple-to-under- 
stand-and-apply charts could be developed as illustrated in this 
report to quantity a problem and rectify it, if necessary. The pro- 
posed methodology eliminates many variables from the analy- 
sis, does not require users to apply any sophisticated tools, and 
is easy to use. 

Results of analysis and testing indicate that the combina- 
tion of low-ratio CTs and very high fault currents could prevent 
the user from entering very high IOC settings. For a given relay, 
working with a given CT, in a system with a given maximum 
short-circuit level, a maximum IOC setting can be found for 
which the relay will operate within its timing specifications. If 
a higher setting is required, the relay may respond outside of the 
spec or restrain itself from tripping. That region of inadequate 
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operation is relatively limited, and occurs only for absolute 
extreme cases of low-ratio CTs and high fault currents. 
Moreover, the practical settings are outside of the affected 
region. 

This explains why one does not encounter this problem 
in the field. On the surface, the problem seems to be very seri- 
ous — the secondary currents are extremely low compared with 
the ratio currents. However, these secondary currents are still 
high enough to activate relays given their practical setting 
ranges. 

The above could be better understood when realizing the 
source of the problem. A given CT saturates heavily because its 
ratio is selected to match relatively small load current. If the 
load current is small, the overcurrent pickup threshold for short 
circuit protection is small as well (it is a fixed multiple of the 
load current). The magnitude of extremely high fault currents is 
a hundreds times, or close to a thousand times the rated current, 
but this means it is tens or hundreds times the pickup settings. 
Under such high multiples of pickup, a relay has a large margin 
between the operating current and the setting. The operating sig- 
nal will have to be decimated by tens or hundreds times by CT 
saturation and limited conversion range of the relay, to cause the 
relay to fail. 

It must be emphasized that there is a dramatic difference 
between relays using Fourierlike approach (cosine and sine fil- 
ter), and relays based on true RMS value. The latter behave sig- 
nificantly better as illustrated in this report. 

This report uses the standard IEEE burden of 0.2 ohms 
for illustration. The actual burden in typical industrial applica- 
tions is significantly lower, making sample results of this report 
conservative. In actuality, the problem is less significant. 

Using this methodology, users of GE Multilin’s relays 
can apply them safely and confidently in applications where 
fault currents exceed rated currents by hundreds of times, even 
if low-ratio CTs have been used. 
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BUYER’S GUIDE 


Albarrie 
ALBARRIE CANADA 
85 Morrow Road 
Barrie, Ontario, Canada L4N 3V7 
Canada: 1-866-269-8275 
USA: 1-877-786-0424 
Fax: 705-737-4044 
Web: www.sorbwebplus.com 
Contact: Lauren Howles 
Email: Lauren_howles @ albarrie.com 

The SorbWeb™ Plus System is an environmentally friend- 

ly and economically attractive oil containment system designed 
to prevent oil from transformers and other oil-containing vessels 
to spread into the ground. The SorbWeb™ Plus system consists 
of a composite of several layers of protective material built in a 
contained area to passively permeate water and retain and trap 
oil from a catastrophic spill or leaks out of transformers, break- 


ers, capacitors and other oil containing units commonly used in 
the utility industry. 


BATLASE 


ATLAS TRANSFORMER INCORPORATED 
7131 Edwards Boulevard 
Mississauga, ON LSS 1Z2 
Tel: (905) 795-0141 
Fax: (905) 795-9688 
E-mail: sales @ atlastransformer.com 
Website: www.atlastransformer.com 
Atlas Transformer Incorporated specializes in the custom 
design and manufacturing of both Dry Type and Liquid Filled 
Transformers : 
Dry Type Transformers rated up to 20 MVA 
Liquid Filled Transformers rated up to 30 MVA 


Integrated Outdoor Substations 
Specialty Transformers : 


Distribution 
K-Factor 


Traction Duty 
Isolation 
Motor Starting Auto Transformers 


Custom Services ; 

PCB Retrofit 

Repair and Rewind Services of both Dry Type and Liquid 
Filled transformers 


Each of our units is designed, built, and tested to meet your 
needs and provide reliable service you can count on. 





Power” 
ESA Inc. 

P.O. Box 2110 

Clackamas, Oregon, USA 
97015 


Contact: Sales Department 
Tel# 503-655-5059 

Email: sales @easypower.com 
Web: www.easypower.com 

ESA, the developers of EasyPower, sets the industry stan- 
dard when it comes to power system software. Our one-touch 
automation has redefined how companies manage, design, and 
analyze their electrical power distribution. 

EasyPower's unprecedented technologies make engineering 
simpler, and safer-proving our unyielding commitment to deliv- 
er cutting-edge power system software that complies with 
OSHA, NFPA, NEC, and ANSI regulations, while remaining 
powerful, fast, and inherently easy to use. From plant person- 
nel to the most experienced electrical engineers, EasyPower 
users continually rave about its simplicity and power. 

Organizations throughout the world use our advanced-yet 
simple-software tools to safeguard their valuable resources of 
time, money, and personnel. 

Oil refineries, power utilities, paper and pulp manufactur- 
ers, military installations, and a host of others rely on ESA to 
keep their power systems running safely and smoothly. Our 
products offer solutions for your One-Line Modeling, Short 
Circuit, Arc Flash, Protective Device Coordination, Power 
Flow, Harmonics, Stability needs and more! 

ESA Engineering Services include, but are not limited to: 
Arc Flash Hazard Analysis, Short Circuit Analysis, Power Flow 
Analysis, Power Factor Analysis, Motor Starting Analysis, 
Relay Coordination Analysis, Harmonic Analysis, System 
Stability Analysis, Load Shedding Analysis, Flicker Analysis, 
Reliability Analysis and Surge Protection Analysis. 
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GI Woop 


Providing Electrical Apparatus 
and Engineering Services 





G.T. WOOD CO. LTD. 
3354 Mavis Road 
Mississauga, ON LSC IT8 
Tel: (905) 272-1696 
Fax: (905) 272-1425 
E-Mail: Isnow @ gtwood.com 
Website: www.gtwood.com/flash/splash.html 

Specializing in High-Voltage Electrical Testing, inspec- 
tions, maintenance and repairs. Refurbishing and repair of New 
and Reconditioned Transformers, Structures, Switchgear and 
Associated Equipment. Infrared Thermography, Engineering 
Studies and PCB Management. 
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LIZCOSALES.. 


ELECTRICAL POWER EQUIPMENT SPECIALISTS 


LIZCO SALES 
R.R. #3 
Tillsonburg, ON N4G 4G8 
Toll Free: 1-877-842-9021 
Fax: (519) 842-3775 
Contact: Robin Carroll 
Website: www.lizcosales.com 
We have the energy with Canada's largest on-site directory: 
- New and Rebuilt Power/Padmount/Dry Transformers 
- New Oil-Filled "TLO" Unit Substation Transformers 
- New HV S&C fuses/loadbreaks/towers 
- High and low voltage: 
- Air Circuit Breakers - Molded Case Breakers 
- QMQB/fusible switches - Combination Starters 
- Emergency Service and Replacement Systems 
- Design/Build custom Application Systems 





KINECTRICS 


KINECTRICS 


800 Kipling Avenue 
Toronto, ON M8&Z 6C4 
Contact: J.M. Braun, Ph.D. 
Tel: (416).207-6874 
Email: jm.braun @kinectrics.com 
Website: www.kinetrics.com 

Kinectrics offers comprehensive engineering services and 
advanced testing facilities for transmission and distribution, 
generation plant and enviromental technologies, built on 95 
years of proven technical excellence. Our award-winning team 
of engineers and scientists has developed innovative products 
and practical technologies designed to help utilities optimize 
operations and improve business performance. 
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ETL 


LINEMAN'S TESTING LABORATORIES OF CANADA 
LIMITED 
Head Office - Ontario 
High Voltage Test Lab, Distribution Centre & Sales Office 
41 Rivalda Road, Toronto, ON M9M 2M4 
Email: main @Itl.ca 
Toll-Free: 800-299-9769 
Tel: 416-742-6911 
Fax: 416-748-0290 
Quebec - Sales Office 
Email: sac @Itl.ca 
Toll-Free: 800-299-9769 
Tel: 450-477-2787 
Fax: 450-477-3388 
Alberta - High Voltage Test Lab, Distribution Centre & 
Sales Office 
5825 97th Street NW, Edmonton, AB T6E 3J2 
Email: bsm @Itl.ca 
Toll-Free: 800-530-8640 
Tel: 780-434-4911 
Fax: 780-434-6911 
British Columbia - Sales Office 
Email: pjd@Itl.ca 
Toll-Free: 866-347-6911 
Tel: 604-945-6912 
Fax: 604-945-6913 
Website: www.ltl.ca 
For more than 50 years, Lineman's Testing Laboratories of 
Canada (LTL) has promoted worker safety by offering brand 
name personal protective equipment, specialized electrical serv- 
ices, and related technical training to the industrial and utility 
sectors nationwide. From full service NAIL-accredited high 
voltage testing laboratories to industry-experienced staff, and a 
dedication to customer satisfaction, LTL is committed to provid- 
ing superior products and services. 





PIONEER TRANSFORMERS LTD. 
2600 Skymark Ave. Bldg. 5, Suite 102 
Mississauga, ON L4W 5E7 
Tel: (905) 625-0868 ext: 26 
Fax: (905) 625-6859 
Email: saiello@ pioneertransformers.com 
Website: www.pioneertransformers.com 
Pioneer Transformers, a Canadian industry leader, manu- 
factures liquid-filled (oil, silicone or R-Temp) transformers 
from 250 kVA single phase through to 10 MVA three phase. Our 
manufacturing plant is located in Granby, Quebec which is one 
hour east of Montreal (Tel: 450-378-9018, Fax: 450-378-0626). 
Organizations throughout the world use our advanced-yet 
simple-software tools to safeguard their valuable resources 
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time, money, and personnel. 

Oil refineries, power utilities, paper and pulp manufactur- 
ers, military installations, and a host of others rely on ESA to 
keep their power systems running safely and smoothly. Our 
products offer solutions for your One-Line Modeling, Short 
Circuit, Arc Flash, Protective Device Coordination, Power 
Flow, Harmonics, Stability needs and more! 

ESA Engineering Services include, but are not limited to: 
Arc Flash Hazard Analysis, Short Circuit Analysis, Power Flow 
Analysis, Power Factor Analysis, Motor Starting Analysis, 
Relay Coordination Analysis, Harmonic Analysis, System 
Stability Analysis, Load Shedding Analysis, Flicker Analysis, 
Reliability Analysis and Surge Protection Analysis. 





ROMAC Supply 

7400 Bandini Blvd. 

Commerce, CA 90040 

Tel: (323) 490-1526 

Toll Free: 1-800-777-6622 

Fax: (323) 722-9536 

Contact: Craig M. Peters 

E-Mail: cmp @romacsupply.com 
Web Site: www.romacsupply.com/ 

ROMAC is a supplier of power, distribution, and control 
products dealing in low- and medium-voltage switchgear, cir- 
cuit breakers, fuses, motor control, motors, and transformers as 
well as all components of these type products in new, new sur- 
plus, and remanufactured condition. Through ROMAC you can 
find not only current products but the obsolete and hard-to-find 
material too. All brands and vintages are usually available from 
our stock. ROMAC reconditions to PEARL Standards. Custom 
UL listed switchgear is available through their Power Controls 
Incorporated division. ROMAC has a 24 hour emergency hot- 
line call 1-800-77-ROMAC. 





RONDAR 


Engineering & Technical Services 


RONDAR INC. 


Main Address: 333 Centennial Pkwy North 
Hamilton, ON L8E 2X6 

Tel: (905) 561-2808 

Tel: 1-800-263-6884 

Fax: (905) 573-8209 

Contact Name: Darvin Puhl 

Other Locations: Kitchener, Hamilton, Toronto 
E-Mail: techserv @rondar.com 

Website: www.rondar.com 
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For more than 25 years, we have provided innovative solu- 
tions to meet the changing needs of our industrial, utility, non- 
utility power generators, government, consultants, commercial 
and institutional customers through our qualified team of elec- 
trical engineers, technologists and technicians. 

Our technical services include: substation inspections; test- 
ing and maintenance; commissioning facilities worldwide; 
transformer, meter and relay testing and repairs; thermographic 
inspections; power quality monitoring; an in-house insulating 
fluid analysis laboratory; and 24-hour emergency service. 

Please Take a moment to visit our website or call us toll free 
at 1-800-263-6884. 





USM PERMASHELL CANADA LTD. 


5732 Highway 7, Unit 21 
Woodbridge, ON L4L 3A2 
Tel: (905) 850-1250 

Fax: (905) 850-1252 

Email: mail @permashell.com 
Website: www.permashell.com 

Transformer corrosion protection featuring radiator flow 
coating for total protection of tube edges, hidden surfaces and 
hard-to-reach areas where corrosion originates. Transmission 
tower, station structure and building painting services. 
Multiyear maintenance planning programs. 

-Insulator cleaning and application of High Voltage 
Insulator Coating for flashover protection. 

-Supply of Insul-Mastic Insulating Coating for thermal 
insulation and condensation control in outdoor switchgear 
enclosures and panels. 

-Application of fire resistant coating for protection of cable 
trays from fire propagation initiated by internal shorts or expo- 
sure fires. 


Kinectrics provides effective condition 
assessment strategies to plan & protect 





against catastrophic equipment failure 


Protect Your ‘== 


Kinectrics offers Complete ° on K diagnostic & testing services is 


Testing Facilities: transformers & electrical equipment 
High Voltage & e Partial Discharge (PD); electrical & acoustic detection 
High Current Labs, e DGA, furan & moisture content of oil 


Environmental Test Chamber & e Transformer & cable life cycle management solutions 





KINECTRICS Mobile Testing Services 





There are two ways to protect transformer radiators: 


THE RIGHT WAY — FLOW COATING 
OR 
THE WRONG WAY — SPRAY PAINTING 


- guarantees total coverage of 
hidden mA tube edges and hard to reach areas 
where corrosion begins and where spray painting 
can’t reach! 
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Liquid Filled Transformers 


up to 10MVA with primary voltage through 69kV 
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TRANSFORMATEURS me 
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4 Y PIONEER 
TRANSFORMERS imo 
AN ISO 9001 COMPANY 


www.pioneertransformers.com 
SALES: 905 625 0868 


Can you afford NOT to have 
secondary Oil Containment? 








Can you afford NOT to have SorbWeb Plus? 


™SorbWeb" Plus 


Secondary Oil Containment System Solution 





e Passive Design e Full and total oil containment 


e Works in Extremes of Weather ° Eliminate the 


CANADA USA 
Tel: 705-737-0551 Tel: 207-786-0424 


Toll Free: 1-866-269-8275 Toll Free: 1-877-786-0424 
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We’re ready 


when you are! 


For over 50 years, ROMAC has been providing electrical 
power products to industries. Our product groups cover 
electrical material in the areas of circuit breakers, 
transformers, switchgear, switches, fuses, motors, and 
motor control. One of our largest product lines is in circuit 
breakers. We have arguably the largest inventory of circuit 
breakers in the USA. Our inventory includes new, surplus, 
and reconditioned inventory. That means we can not only 
provide current state of the art breakers, but the obsolete 
and hard to find items as well. We have circuit breaker 
inventory in: 

e Molded Case Breakers 

e Insulated Case Breakers 

e Air Breakers 

e Vacuum Breakers 

e Circuit Breaker Parts 

e Circuit Breaker Mounting Hardware 

Although we welcome and can handle your everyday Es 
maintenance needs, we are there when you need us most.. 
If your need is an obsolete or hard to find item, its no = o iy? 
problem for us. Not sure where to find that special item _ ti rh "=. 
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you’re looking for? Contact the ROMAC experts to find it - 

for you. A breakdown in the middle of the night? We’re  _ i 
there when no one else is around. To keep your production ~ 
lines going, all you have to do is call our 24 hour 4 
emergency hotline. 


(800) 77-ROMA 
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ROMAC 

7400 Bandini Blvd 
Commerce, CA 90040 
Fax: (323) 722-9536 
www.romacsupply.com 
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ROMAC is a proud member of PEARL, the dd Electrical Apparatus Recyclers League, 
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